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Chapter  1  Introduction 


1.1  Overview 

Over  the  past  century,  a  great  deal  of  knowledge  concerning  turbulence  in  fluids  has  been 
advanced  by  a  number  of  prolific  researchers.  The  objective  of  turbulence  research  is  to  develop 
mathematical  models  that  adequately  represent  the  physics  of  the  flow  field.  These  models  then 
can  be  applied  to  predicting  the  forces  produced  by  fluid  motion  on  a  body  immersed  in  the  fluid. 
Most  of  the  past  research  focused  on  the  modeling  of  flows  that  are  two-dimensional  (2D)  with 
respect  to  the  mean  velocity.  However,  most  flows  of  engineering  interest  are  three-dimensional 
(3D)  with  respect  to  the  mean  velocity.  There  are  many  regions  in  a  flow  where  viscosity  is  a 
significant  factor  and  turbulence  is  encountered.  This  study  focuses  on  turbulence  in  wall-bounded 
shear  layers  which  may  be  classified  as  turbulent  boundary  layers  (TBLs).  The  current  study  adds 
to  the  existing  base  of  knowledge  by  providing  algebraic  relationships  between  terms  in  some 
equations  used  in  turbulence  modeling. 


1.2  Brief  History 

For  continuity,  a  brief  history  of  fluid  turbulence  is  included.  Note  that  only  equations  that 
are  relevant  to  this  study  are  formally  presented.  For  a  more  detailed  account,  the  reader  is 
referred  to  Bradshaw  (1987  a,  b),  Rotta  (1962),  Schetz  (1993),  Schlichting  (1987),  Tennekes 
(1972),  Townsend  (1976),  or  a  number  of  other  good  texts  on  the  theory.  The  governing  equations 
for  the  motion  of  a  fluid  are  the  Navier-Stokes  equations  (N-S)  and  the  continuity  equation.  They 
express  Newton's  second  law  of  motion  and  the  law  of  mass  conservation.  Turbulent  flow  is 
unsteady  flow  containing  coherent  vortical-three  dimensional  structures  of  various  size  and  velocity 
that  have  limited  lifetimes  and  spatial  extent.  In  1895  O.  Reynolds  introduced  the  concept  of 
treating  the  actual  fluid  velocity  as  the  sum  of  a  mean  and  a  fluctuating  velocity  (Rotta,  1962). 
Using  this  Reynolds  averaging,  statistical  concepts  could  be  applied  to  the  understanding  of 
turbulence.  When  a  mean  and  fluctuating  velocity  is  substituted  into  the  N-S  equations  for  the 
instantaneous  velocity,  the  resulting  equations  for  the  mean  velocity  are  similar  to  the  original  N-S 
equations.  The  difference  is  the  appearance  of  averaged  products  of  the  fluctuating  velocities  (with 
respect  to  a  Cartesian  coordinate  system)  in  the  momentum  equation.  These  are  referred  to  as 


Reynolds  stresses  and  produce  more  unknown  variables  than  available  equations.  This  restricts  an 
analytical  solution  for  the  system  of  equations.  The  bulk  of  turbulence  research  is  focused  on  the 
development  of  models  for  these  terms.  Models  are  empirical,  based  directly  on  experimental  data, 
or  semi-empirical,  a  model  (or  theory)  that  is  developed  to  capture  the  physics  of  the  flow  and 
supported  by  experiments. 

Assumptions  about  certain  regions  of  the  flow  can  simplify  the  equations.  Prandtl  in  1904 
illustrated  that  in  fluids  of  small  viscosity,  the  frictional  effects  are  confined  to  a  thin  layer  near  a 
fluid  interface,  typically  (but  not  necessarily)  a  solid  boundary  or  wall.  Under  the  assumption  of  a 
thin  boundary  layer,  span-wise  and  stream-wise  derivatives  of  the  Reynolds  stresses  can  be 
neglected  on  an  order  of  magnitude  comparison.  Experimental  studies  have  verified  (Rotta,  1962) 
that  the  neglected  values  are  in  fact  small  relative  to  the  other  quantities  of  interest.  The  boundary 
layer  equations  are: 


the  x-direction  momentum  equation, 

-IcP  ^ 

U — +V — +W —  = - -f  V — = - 

rSc  ^  ^  p  3c  df  dy 


(1.1) 


the  z-direction  momentum  equation. 
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3W 

- h 

3c 


3f 


3W 

3i 


-1 3P  3vw 

- 1_  y - - - 

p  3.  3/  3y 


and  the  continuity  equation. 

3U  3V  3W 

- j - 1 - 

3c  3  ^ 


(1.2) 


(1.3) 


The  y-direction  momentum  equation  reduces  to  a  statement  that  the  static  pressure  across  the 
boundary  layer  is  constant  or  3P/  3y  =  0.  In  order  to  solve  these  equations,  models  for  -uv  and 
-  VW  are  needed  with  respect  to  the  mean  velocity  gradients  and/or  other  turbulence  quantities. 


1.3  Brief  Review  of  Turbulence  Models 

As  stated  previously,  turbulence  models  try  to  relate  the  Reynolds  stresses  (-mv  and  -vw) 
to  mean  flow  or  other  turbulence  parameters.  The  simplest  and  earliest  models  apply  the  turbulent 
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# 


# 


2 
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eddy  viscosity  concept.  This  was  first  attempted  by  J.  Boussinesq  who  assumed  that  a  turbulent 
exchange  coefficient  exists  for  turbulent  flow  that  defined  the  Reynolds  shearing  stress  as 
proportional  to  the  rate  of  strain,  analogous  to  Newton's  law  of  fluid  fiiction. 


or  for  3D  flow, 


—  W 
-puv  =  (y,— 


-U,Uj  =  V,| 


- L  + - L 

3c J  3cf 


--kS,, 


(1.4) 


where  5ij  is  the  Kronecker  delta,  k  is  the  turbulent  kinetic  energy  (TKE)  and  the  turbulent  eddy 
viscosity.  Turbulence  models  using  the  eddy  viscosity  concept  are  then  classified  as  to  the  number 
or  complexity  of  additional  equations  that  must  be  solved  in  addition  to  equations  1.1  -  1.3. 
Algebraic  models  do  not  employ  any  transport  equations.  They  simply  relate  the  Reynolds  stresses 
as  fimctions  of  the  mean-flow  quantities.  An  example  of  an  algebraic  model  is  Prandtl's  mixing 
length  model. 


or  for  3D 


-puv  =  lj 


3U 

du 

dY 

(1.5) 


One  and  two  equation  models  imply  that  the  value  of  either  one  or  two  model  parameters  is 
obtained  by  solving  a  differential  equation  describing  the  transport  of  that  parameter  in  the  flow. 
The  most  popular  two-equation  model  is  the  k-£  model  (Schetz,  1993)  which  uses  a  partial 
differential  equation  for  the  transport  of  TKE  (k)  and  one  for  the  dissipation  rate  of  TKE  (e). 

Higher  order  turbulence  models  can  be  developed  through  the  development  and  use  of 
turbulent  transport  equations.  These  equations  are  obtained  by  manipulating  the  N-S  equations 
and  applying  the  Reynolds  decomposition.  They  represent  the  rate  of  change  of  the  desired 
quantity  and  are  sometimes  called  second  moment  equations.  The  equations  typically  include 


3 


convection,  diffusion,  generation,  dissipation  and  redistribution  terms.  Some  examples  of  transport 
equations  are; 


the  transport  of  —uv  stress, 

£>(-ot)  -2  dU 


Dt 


=  V 


dy 

P 

P  ^  - 2 


I-^vV^m  +  mV^v)  (1.6) 


the  transport  of  -vw  stress, 
Dt  dy 


P_ 

P 


+ 


+  — 


^  dy 


p  w 
V  P 


+  vV 


v(wV^v  + vV^w  )  (1.7) 


and  the  transport  of  stress. 

iD(?) 


2  Dt 


=  -v2 


-4 

dy 

Ss , 

2 


(1.8) 


These  equations  introduce  several  terms  which  must  also  be  modeled  to  obtain  closure. 

Other  models  also  exist  which  are  not  related  to  the  eddy  viscosity  concept  or  to  turbulent 
transport  equations.  Townsend  (1956,  1st  ed.)  proposed  an  algebraic  "structural"  parameter,  ai, 
which  assumes  proportionality  between  the  Reynolds  shear  stress  and  twice  the  TKE. 


or  for  3D, 


(1.9) 


This  parameter  approximates  a  constant  over  a  large  portion  of  2D  TBLs  and  is  assumed  to  be 
constant  in  modeling  efforts. 


1.4  The  Relationships  Between  2D  and  3D  TBL  Models 


The  turbulence  models  mentioned,  above  among  many  others,  have  achieved  reasonable 
success  in  2D  turbulent  boundary  layers.  Some  models  are  applicable  with  reasonable  accuracy 
generally  in  2D  flows.  Others  apply  to  specific  regions  of  2D  flows  or  to  particular  flow 
geometries  or  pressure  gradient  configurations.  Over  the  past  few  decades,  turbulence  modeling 
research  for  complex  3D  flows  has  focused  on  the  calculation  of  3D  flows  through  experimentation 
and  the  extension  of  concepts  that  were  derived  for  2D  flows.  In  general  this  extension  of  concepts 
has  failed  to  accurately  model  the  3D  flows.  An  important  consideration  in  modeling  3D  TBLs  is 
the  choice  of  coordinate  system  or  the  development  of  parameters  that  are  independent  of 
coordinate  transformation. 

In  2D  TBLs,  the  directions  of  the  shear  stress  vector  and  the  mean  velocity  gradient  vector 
are  necessarily  coincident.  Turbulence  models  which  extend  the  eddy  viscosity  hypothesis  from  2D 
to  3D  flows  often  assume  an  isotropic  eddy  viscosity,  or  more  specifically,  that  the  span-wise  and 
stream-wise  components  are  equal.  This  is  generally  not  the  case  as  has  been  shown  by  various  3D 
experiments  including  the  ones  in  this  study.  The  anisotropy  can  be  determined  by  evaluating  the 
ratio  of  the  spanwise  eddy  viscosity  (Vz)to  the  streamwise  eddy  viscosity  (Vx).  This  is  the 
anisotropy  parameter  or  N. 


^  -Yz  -  tan(SSA)  _  -vw  j-uv 


(1.10) 


For  isotropic  flow  N  should  equal  one.  Deviations  fi'om  one  indicate  that  the  flow  is  anisotropic 
and  the  2D  eddy  viscosity  concept  will  fail.  The  N  parameter  is  dependent  on  the  choice  of 
coordinate  system. 

Another  indicator  of  the  flow  anisotropy,  and  that  structural  changes  in  the  flow  are  the 
cause  of  the  anisotropy,  is  the  relationship  of  the  flow  gradient  angle  (FGA)  to  the  shear  stress 
angle  (SSA).  If  these  angles  do  not  coincide,  the  flow  is  anisotropic.  For  most  3D  flows,  the  shear 
stress  angle  lags  the  flow  gradient  angle.  When  this  occurs  the  value  of  N  is  less  than  one.  There 
are  a  few  cases  that  report  a  value  of  N  that  is  greater  than  one  (for  example  the  convex  curvature 
case  of  Baskaran  et.  al.)  which  indicates  that  the  SSA  actually  leads  the  FGA. 

In  an  attempt  to  model  the  anisotropy  of  the  flow,  Rotta  (1977)  developed  the  T  parameter. 
It  is  an  anisotropy  parameter  independent  of  coordinate  system  choice.  He  derived  it  fiom 
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transport  equations  1.6  and  1.7  approximated  for  thin  shear  layers.  After  some  manipulation,  he 
arrived  at  the  following  equation: 

tan(5SA  -  FA)  =  T- tan(FGA-  FA)  (1.11) 

where  FA  represents  the  local  flow  angle.  This  parameter  is  sometimes  referred  to  as  N  (but 
defined  as  in  eq.  1.11)  or  N.  Observation  of  the  T  parameter  in  3D  experimental  flows  illustrate 
that  it  does  not  attain  a  value  of  unity  either.  Combined  with  the  other  anisotropy  considerations 
mentioned,  it  can  be  stated  that  3D  TBLs  are  generally  anisotropic  and  that  models  that  are 
extensions  of  the  eddy  viscosity  concept  will  not  accurately  model  the  3D  flow  field. 

The  ai  structural  parameter  is  independent  of  coordinate  system  choice  when  y  is  chosen 
normal  to  the  surface.  For  2D  flows,  this  parameter  maintains  a  fairly  constant  value  of  0.14-0.15 
over  a  fairly  extensive  region  of  the  TBL.  When  observed  in  3D  TBLs,  the  ai  structural  parameter 
is  changed  from  the  2D  value.  This  is  an  indicator  that  the  development  of  the  shear  stresses  and 
TKE  differ  from  each  other  and  from  their  interaction  in  2D  flows. 

Turbulence  models  must  accurately  represent  the  physics  of  the  flow  field.  There  are 
several  differences  between  2D  and  3D  TBLs.  A  2D  TBL  has  only  one  significant  rate  of  strain 
which  is  dU/dy.  Three-dimensional  TBLs  are  characterized  by  additional  rates  of  strain  as  well  as 
lateral  pressure  gradients  and  the  presence  of  crossflow.  A  representation  of  a  typical  pressure- 
driven  3D  TBL  is  given  in  Figure  1.1.  (A  shear-driven  profile  is  represented  in  Figure  2.5 .b  for  the 
experiment  of  Littell  and  Eaton)  Some  physical  aspects  of  the  3D  flow  that  must  be  accounted  for 
are  the  transport  of  Reynolds  stresses  by  the  mean  flow,  the  redistribution  of  the  turbulent  energy 
between  the  various  Reynolds  stresses  by  the  secondary  flows,  the  effect  of  lateral  pressure 
gradients  on  the  slower  moving  fluid  near  the  wall,  the  modification  of  sweeps  and  ejections  and 
their  impact  on  the  production  of  Reynolds  stresses  in  the  near  wall  region.  The  near  wall  region 
can  have  significant  effects  on  the  overall  characteristics  of  the  TBL  and  must  not  be  neglected 
(Simpson,  1995,  1996).  Evidence  of  these  effects  have  been  observed  in  experiment.  For  example. 
Driver  and  Johnston  observed  that  near  the  wall  the  TKE  responds  to  modifications  in  the  rate  of 
strain  field  slower  than  the  Reynolds  shear  stresses.  Away  from  the  wall  neither  reacts  to  change 
very  rapidly.  They  also  inferred  that  the  streamwise  vorticity  interfered  with  the  turbulence.  They 
showed  that  existing  models  fail  to  predict  the  flow  accurately.  They  fail  to  predict  a  decrease  in 
the  -MV  stress  at  the  onset  of  three-dimensionality  in  the  experiment  of  Driver  among  other 
shortcomings. 


This  modification  of  the  physics  of  3D  flow  fields  is  represented  by  lags  in  various 
Quantities.  The  development  of  the  Reynolds  stresses  are  seen  to  lag  the  modifications  to  the  rate 
of  strain  field.  The  stresses  maintain  a  slow  response  to  directional  changes  in  the  strain  rate.  A 
decrease  is  also  seen  in  Reynolds  stress  from  values  typical  of  2D  TBLs.  This  is  due  to  a  lack  of 
production  through  the  additional  strain  rates,  modification  of  the  boundary  conditions  and  the 
response  to  these  changes,  and  the  redistribution  of  the  turbulence  energy  through  the  pressure- 
rate-of-strain  terms  of  the  transport  equations. 

Turbulence  modeling  efforts  for  3-D  flow  situations  that  are  currently  employed  rarely 
account  for  the  lags  in  the  flow.  This  indicates  a  need  for  a  set  of  equations  that  can  account  for 
lags  in  the  flow  structure.  Simpson  (1995)  proposed  the  use  of  equations  1.1  -  1.3  and  1.6  -  1.8  as 
the  minimum  set  of  equations  necessary  to  account  for  these  lags  in  the  various  parameters. 


1.5  Objectives 

The  research  presented  here  focused  on  the  development  and  evaluation  of  algebraic 
parameters  to  aid  in  the  modeling  of  complex  three-dimensional  turbulent  boundary  layers.  A  main 
objective  was  the  development  of  useful  relationships  involving  the  turbulent  triple  products 
appearing  in  the  transport  equations  for  the  turbulent  shear  stresses  (equations  1.6- 1.8).  Other 
algebraic  parameters  involving  only  the  Reynolds  stresses,  sometimes  introduced  in  former 
publications,  were  also  evaluated  with  respect  to  the  data  sets  considered  in  this  study  and 
compared  to  the  prior  results.  A  diverse  selection  of  experimental  data  from  several  previous 
investigations  with  different  types  of  three-dimensionality  was  used. 


Chapter  2  Experimental  Test  Cases 


2.1  Introduction  and  Discussion  of  Criteria  for  Experiment  Selection 

There  have  been  several  experiments  performed  on  three-dimensional  (3D)  turbulent 
boundary  layers  (TBLs)  with  various  geometries  and  regions  of  interest.  Reviews  by  Johnston 
(1976),  Femholz  and  Vagt  (1981),  van  den  Berg  (1987),  Anderson  (1987),  Littell  and  Eaton 
(1991),  Pompeo  (1992),  and  Schwarz  and  Bradshaw  (1992)  illustrate  the  range  of  experiments  that 
were  performed  and  exist  in  the  literature  base.  These  previous  experiments  documented  the 
Reynolds  stress  tensor,  or  most  of  its  components  ,  in  primarily  the  outer  layer.  Recent  advances 
in  measurement  and  sensor  technology  have  permitted  the  investigation  of  regions  of  the  flow  down 
to  y+~3  in  3D  TBLs  (Simpson,  1995).  These,  and  other,  advances  have  allowed  for  the 
determination  of  the  vw  Reynolds  shear  stress  and  higher  order  fluctuating  velocity  products  with 
less  uncertainty  than  previously  possible.  The  determination  of  the  turbulent  triple  products  allows 
the  evaluation  of  several  terms  in  the  Reynolds-averaged  transport  equations  for  the  turbulent 
kinetic  energy  (TKE)  and  the  individual  Reynolds  stresses.  The  current  study  focuses  on  the 
examination  of  existing  experimental  data  sets  with  regards  to  several  beneficial  algebraic 
relationships.  Parameters  not  previously  examined  for  the  data  sets  were  evaluated.  Emphasis  was 
placed  on  experiments  that  reported  values  of  the  triple  products.  Another  primary  goal  was  the 
development  of  algebraic  parameters  to  relate  the  triple  products  appearing  in  the  set  of  transport 
equations  outlined  in  chapter  one. 

The  experimental  data  sets  chosen  for  this  study  were  scrutinized  using  the  realizability 
conditions  of  Schumann  (1977).  These  conditions  must  be  satisfied  by  a  turbulence  model  to 
guarantee  realizable  solutions  for  any  realizable  initial  and  boundary  conditions.  There  are  three 
conditions  that  were  checked  for  the  Reynolds  stress  components  at  every  point  for  every  Hata  set. 
The  first  requires  non-negative  energies,  i.e.,  the  terms  on  the  diagonal  of  the  Reynolds  stress 
tensor  can  not  assume  a  negative  value.  The  second  condition  requires  that  the  cross-correlation 
between  any  two  fluctuating  velocity  components  be  bounded  by  the  magnitude  of  the 
autocorrelations.  This  can  be  seen  as,  the  correlation  coefficient  formed  by  the  desired  Reynolds 
shear  stress  squared,  normalized  by  the  normal  stresses  that  form  it,  being  less  than  unity. 
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The  third  condition  requires  that  the  determinant  of  the  Reynolds  stress  tensor  is  greater  than  or 
equal  to  zero.  It  is  a  statement  that  the  three  cross-correlations  can  not  attain  arbitrary  values.  All 
of  the  data  used  in  this  study  met  the  three  conditions  outlined  above.  Three  data  points  from  the 
McMahon  et.  al.  data  set  did  not  meet  the  realizability  conditions  and  were  discarded  from  the 
study.  Several  data  points  from  the  Devenport  and  Simpson  (1990)  data  set  also  failed  these 
conditions  and  were  discarded. 


2.2  Description  of  Individual  Test  Cases 

A  summary  of  the  data  sets  that  were  examined  is  presented  in  Table  2.1  with  a  brief 
description  of  several  important  characteristics  of  the  experiment.  The  remainder  of  this  chapter  is 
dedicated  to  a  description  of  these  experiments,  the  important  results  and  observations  that  were 
illustrated  by  the  authors,  and  observations  and  comments  arrived  at  during  this  study  that  concern 
the  previous  commentary.  In  particular,  discussion  of  the  results  of  each  experiment  will  focus  on 
the  anisotropy  of  the  flow  and  the  parameters  outlined  in  chapter  one. 


2.2.1  The  Experimental  Juncture  Flow  of  McMahon 

McMahon,  Hubbartt,  and  Kubendran  (1982)  obtained  three  mean  velocities  and  the  full 
Reynolds  stress  tensor  in  a  juncture  flow.  The  juncture  was  formed  by  a  body  of  constant 
thickness  with  a  3:2  elliptical  leading  edge  mounted  normal  to  a  flat  plate  and  parallel  to  the 
approaching  flow  (figure  2.1).  The  juncture  flow  is  similar  to  the  wing-body  junction  flows 
studied  by  Devenport  and  Simpson  (1990),  Olgmen  and  Simpson  (1995),  and  Dechow  (1977).  A 
horseshoe  vortex  is  formed  as  the  approaching  flow  separates  and  forms  a  vortex  sheet  that  wraps 
around  the  body.  A  schematic  illustrating  the  general  characteristics  of  this  flow  is  shown  in 
Figure  2.1. a.  Hot-wire  anemometers  were  used  to  make  measurements  in  planes  at  two  stream- 
wise  locations,  165  mm  and  902  mm  downstream  of  the  leading  edge  of  the  plate. 

Prandtl's  secondary  flow  of  the  first  kind  (Bradshaw,  1987a,  b)  occurs  when  a  shear  layer 
is  skewed  about  an  axis  parallel  to  the  plane  of  the  mean  shear,  resulting  in  a  component  of  mean 
stream-wise  vorticity.  The  vortex  lines  in  the  approaching  flow  which  are  initially  perpendicular  to 


the  mean  flow  are  bent  by  the  streamlines  that  become  curved  due  to  presence  of  the  plate.  This 
results  in  stream-wise  vorticity. 

The  facility  employed  was  a  large-scale  low-speed  open  jet  tunnel  at  the  Georgia  Institute 
of  Technology  in  the  United  States.  The  test  section  is  illustrated  in  Figure  2.1.b.  The  open  jet 
tunnel  was  chosen  to  reduce  the  effects  of  blockage  and  adverse  pressure  gradients  due  to  the 
development  of  wall  boundary  layers.  The  free-stream  turbulence  intensity  near  the  exit  of  the  test 
section  was  0.5%.  The  body  consisted  of  3:2  elliptical  nose  mated  to  a  plate  of  constant  thickness 
of  57.9  mm.  The  body  was  1.22  m  in  length,  609.6  mm  high,  and  was  mounted  perpendicularly  to 
the  floor  of  the  test  section.  It  was  aligned  with  the  wind  tunnel  axis  to  within  ±  0.5°.  To  insure 
turbulent  flow,  a  roughness  element  was  attached  24.5  mm  downstream  of  the  leading  edge  and 
had  a  width  of  6.35  mm.  The  hot-wires  were  constmcted  to  minimize  the  blockage  but  induced 
stream-wise  vorticity  production.  Two  needle  supports  projected  through  the  floor  of  the  test 
section  and  were  connected  by  the  wire  (figure  2.1.c).  The  actuator  was  located  beneath  the  floor 
of  the  tunnel  test  section.  One  straight  wire  and  one  slant  wire  (45°)  were  used  individually.  The 
experimental  rig  was  arranged  such  that  the  probe  could  be  rotated  about  an  axis  through  the 
center  of  the  probe.  The  straight  wire  was  able  to  measure  to  0.5 1  mm  away  from  the  wall,  but  the 
slant  wire  could  only  move  to  2.29  mm  above  the  wall. 

The  uncertainty  in  the  flow  angle  was  reported  to  be  +  1°.  The  uncertainty  in  the  y  and  z 
locations  were  +  0.051  mm  and  +  0.10  mm  respectively.  The  data  for  the  velocity  components 
were  not  obtained  simultaneously.  The  two  wires  were  used  sequentially  with  the  slant  wire 
oriented  parallel  to  the  desired  measurement  plane  in  two  orientations  180°  from  each  other.  The 
uncertainty  in  the  tunnel  flow  velocity  was  ±  0.5%.  Data  was  reported  in  a  (local  free-stream) 
laboratory  coordinate  system.  They  measured  the  data  in  a  coordinate  system  that  was  aligned 
with  the  local  flow  angle  (s-y-n  system).  This  meant  that  the  probes  were  aligned  to  the  local  flow 
angle  for  each  y-location  of  each  profile.  The  experiment  was  performed  at  a  free-stream  velocity 
of  15.24  m/s,  corresponding  to  a  Reynolds  number  of  984,000  /m.  The  turbulent  boundary  layer 
without  the  plate  installed  was  22.9  mm  thick  at  the  location  where  the  leading  edge  would  be. 

They  reported  three  mean  velocities  and  six  Reynolds  stresses  for  each  profile.  They 
verified  the  existence  of  the  secondary  flow  by  mapping  the  mean  velocity  in  the  y-z  planes  at  the 
two  X  locations.  They  showed  the  existence  of  the  horseshoe  vortex  in  these  planes.  The  vortex 
was  confined  to  a  region  extending  from  the  body  to  51  mm  away  at  165  mm  downstream  from  the 
leading  edge.  At  902  mm  downstream  from  the  leading  edge,  a  smaller  vortex  was  observed  very 
near  the  body  exhibiting  rotation  in  the  opposite  sense,  clockwise  looking  downstream,  from  the 
main  vortex.  They  showed  that  the  main  vortex  diffuses  and  moves  slightly  away  from  the  body  at 


the  downstream  location.  They  determined  that  the  core  of  the  vortex  was  located  at  z  =  32  mm 
and  y  =  8.9  mm  for  the  upstream  station  and  z  =  44  mm  and  y  =  17.8  mm  at  the  downstream 
station.  They  suggested  that  the  strong  secondary  flow  was  contained  within  a  narrow  region  near 
the  body  surface.  In  a  comparison  with  other  similar  studies,  they  indicated  that  weaker  junction 
vortices  tended  to  remain  closer  to  the  body.  They  also  mentioned  that  the  weaker  vortex  from  the 
previous  study  tended  to  be  closer  to  the  wall  at  the  upstream  station  decreasing  in  height  as  it 
moved  downstream,  whereas  their  stronger  vortex  moved  farther  away  from  the  wall  as  it 
progressed  downstream.  The  maximum  difference  in  the  flow  angle  across  the  layer  for  the 
upstream  station  was  approximately  12°  and  occurred  at  the  core  of  the  vortex.  For  the 
downstream  plane,  the  maximum  difference  in  the  local  flow  angle  was  approximately  4°  and 
appeared  outboard  of  the  vortex  core.  This  flow  was  different  from  the  traditional  concept  of  a 
boundary  layer  flow,  specifically  in  the  fact  that  it  had  a  significant  velocity  component  normal  to 
the  wall,  which  is  assumed  to  be  small  in  the  boundary  layer  assumptions.  This  major  difference 
should  be  accounted  for  when  this  flow  is  compared  and  contrasted  to  the  other  experiments  that 
were  investigated  in  this  study. 

They  plotted  the  local  mean  flow  angle  as  a  function  of  y  for  a  few  stations  to  illustrate 
flow  angle  as  a  function  of  x,  z,  and  y.  They  presented  plots  of  the  mean  velocities  and  the 
Reynolds  stresses.  They  illustrated  the  fact  that  high  momentum  fluid  was  transported  by  the 
secondary  flow  towards  the  wall  near  the  body  and  that  low  momentum  fluid  was  ejected  from  the 
floor  away  from  the  body.  They  noted  that  the  turbulence  quantities,  when  compared  to  the  values 
for  undisturbed  2D  TBLs  (in  a  local  free-stream  coordinate  system),  were  redistributed  by  the 
secondary  flow.  The  u'  normal  stress  indicated  an  equilibrium  m  the  wall  layer,  by  a  collapse  of 
the  profiles  onto  each  other  for  each  measurement  plane,  and  was  augmented  near  the  core  at  the 
upstream  station.  The  v'  and  w'  normal  stresses  tended  to  be  reduced  between  the  body  and  vortex 
core  and  increased  in  the  region  away  from  the  secondary  flow.  These  effects  were  more 
pronounced  at  the  upstream  station.  The  Reynolds  shear  stresses  were  reported  to  be  transported 
by  the  mean  flow.  They  were  small  near  the  surface  and  uv  was  reported  as  negative  in  the 
downstream  plane.  Significant  values  of  uw  were  reported  for  this  flow.  The  Reynolds  shear 
stresses  were  highly  distorted  near  the  vortex  core.  The  stations  furthest  outboard  from  the  body 
were  effectively  in  a  2D  TBL  and  were  considered  so  for  comparison.  The  wall  shear  was  not 
determined,  nor  were  any  triple  products.  The  boundary  layer  thickness  (5)  was  not  reported  for 
this  experiment.  A  few  points  in  this  flow  did  not  meet  the  realizability  conditions  of  Schumann 
and  were  discarded  from  the  results  of  the  present  study. 


2.2.2  The  'Infinite'  Curved  Swept  Wings  of  Baskaran  and  Bradshaw 


# 


# 


Baskaran,  Pontikis,  and  Bradshaw  (1990)  obtained  mean  flow  and  turbulence  data  in 
curved  ducts  that  were  constracted  to  simulate  the  pressure  gradients  on  curved  infinite  swept 
wings.  Two  test  cases  were  examined,  one  with  convex  curvature  and  one  with  concave  curvature. 
Their  experiment  was  part  of  a  series  of  experiments  concerning  "complex  three-dimensional 
flows"  at  Imperial  College  in  England.  It  complimented  an  'infinite'  wing  experiment  performed  at 
the  Netherlands  NLR  by  van  den  Berg  et.  al.  (1975)  and  Elsenaar  and  Boelsma  (1974).  Previous 
studies  have  shown  that  the  effects  of  convex  and  concave  curvature  are  different.  Concave 
curvature  tends  to  increase  turbulent  mixing  and  produce  Taylor-Gortler  roll  cells.  Convex 
curvature  tends  to  suppress  turbulent  activity.  Strong  surface  curvature  causes  large  changes  in 
the  turbulence  structure  across  the  entire  boundary  layer  including  the  near  wall  region.  They 
predicted  the  curvature  effects  in  the  present  case  to  be  seen  in  the  outer  layer  where  the  large-scale 
eddies  exist.  They  did  not  attempt  to  measure  the  near-wall  region  but  expressed  the  need  for 
future  experiments  of  this  general  configuration  to  determine  the  effects  of  convex  and  concave 
curvature  on  the  near-wall  flow  stracture. 

Their  results  illustrated  only  a  small  modification  of  the  turbulence  structure  for  the 
combined  effects  of  mild  surface  curvature,  either  convex  or  concave,  and  mean  flow  three- 
dimensionality.  The  increased  cross  flow  in  the  concave  case  tended  to  reduce  the  Taylor  -Gortler 
vortices  that  were  observed  in  the  earlier  two-dimensional  experiments.  The  convex  case  coupled 
with  cross  flow  reduced  the  turbulence  data  less  drastically  than  was  expected.  Both  of  these 
effects  considered  individually  tend  to  reduce  the  turbulence  intensity.  The  experiment  illustrated 
that  the  combined  processes  can  not  be  treated  as  a  simple  linear  superposition  of  the  effects  and 
are  characterized  by  a  highly  non-linear  coupling. 

The  experimental  setup  consisted  of  two  different  test  sections  that  were  independently 
attached  to  the  exit  of  a  blower  tunnel.  Both  had  an  initially  flat  entrance  section  followed  by  a  35“ 
swept  section  where  the  curvature  existed  (see  Fig.  2.2.a  for  concave  curvature  and  Fig  2.2.b  for 
convex  curvature).  At  the  entrance  to  the  curved  section  was  a  6  mm  suction  slot  swept  at  35“  to 
simulate  the  leading  edge  of  a  swept  wing.  A  50  mm  wide  section  of  sandpaper  located 
immediately  after  the  slot  was  included  to  enhance  transition  and  to  thicken  the  boundary  layer. 
The  boundary  layer  thickness  (5)  and  momentum  thickness  Reynolds  number  at  the  end  of  the  flat 
section  were  20  mm  and  4000  respectively.  The  radius  of  curvature  (p)  was  2540  mm  to  give 
approximately  the  same  8/p  ratio  as  the  previous  studies.  They  defined  this  ratio  to  be  the 
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'curvature  parameter'  which  was  0.008  at  the  start  of  the  curvature.  They  adjusted  the  sidewall 
geometry  to  generate  'infinite'  swept  flow  conditions  which  was  verified  by  span-wise  static 
pressure  profiles  at  several  stream-wise  locations.  The  skin  friction  coefficient  for  the  concave 
experiment,  illustrated  in  detail  by  Baskaran  and  Bradshaw  (1987),  indicated  that  the  cross  flow 
from  the  wall  on  the  negative  z  side  did  not  reach  the  region  where  the  measurements  were  made. 
This  indicated  that  there  was  no  influence  on  the  measurements  from  any  cross  flow  originating  in 
the  wall  region.  It  also  showed  that  the  near  wdl  region  measurements  would  be  lacking  the  cross 
flow  component  of  the  experimental  objectives.  The  flexible  roof  was  adjusted  such  that  the  chord- 
wise  (axial)  pressure  gradient  was  similar  to  the  previous  'infinite'  swept  flat  wing  experiments. 

They  defined  the  x-axis  of  a  tunnel  coordinate  system  to  be  aligned  with  the  centerline  of 
the  initially  straight  section  with  y  normal  to  the  surface  and  z  completing  a  right  handed  system. 
The  x-axis  maintained  this  initial  direction  throughout  the  test  section  and  differed  from  the 
centerline  of  the  test  section.  The  flow  angle  at  the  edge  of  the  boundary  layer,  with  respect  to  the 
x-axis  in  this  tunnel  coordinate  system,  reached  a  maximum  turning  angle  of  approximately  11.5° 
for  the  concave  curvature  and  10°  for  the  convex  curvature  as  reported  by  Baskaran  et.  al.  (1990). 
This  could  be  classified  as  a  weakly  skewed  flow  that  was  in  a  state  of  development  due  to  a 
continual  increase  in  the  external  flow  angle.  The  free-stream  velocity  for  these  test  cases  was 
nominally  33  m/s  which  corresponded  to  Uj^/v  =  2.2  x  10®  (Re/m).  The  effective  chord  length  was 
2  m. 

For  the  concave  case,  the  surface  shear  stress  vector's  direction  was  measured  by  using  a 
three-hole  surface  yaw  meter  with  a  diameter  of  0.7  mm  in  non-null  mode.  The  magnitude  of  the 
surface  shear  stress  vector  was  measured  with  a  Preston  tube  with  a  1.1  mm  diameter.  The 
Preston  tube  was  aligned  with  the  direction  of  the  shear  stress  vector  as  measured  above.  The 
calibration  used  for  the  Preston  tube  assumed  that  the  2D  law-of-the-wall  holds  for  3D  flow.  The 
mean  flow  measurements  across  the  boundary  layer  were  performed  using  a  three-hole  probe  with 
a  0.89  mm  diameter  in  non-null  mode.  For  the  convex  case,  the  magnitude  of  the  shear  stress 
vector  was  measured  with  a  Preston  tube  with  the  same  diameter  as  above  and  a  three-hole  probe 
as  described  above.  Both  were  aligned  with  the  surface  flow  direction.  The  same  three-hole  probe 
was  then  nulled  in  the  boundary  layer  to  measure  the  mean  velocities.  They  then  obtained  the 
surface  flow  direction  by  extrapolating  the  cross  flow-angle  profiles  towards  the  wall.  Turbulence 
data  were  obtained  through  the  use  of  crossed  hot-wire  probes  which  were  statically  calibrated 
before  each  profile.  The  tests  were  conducted  with  the  axis  of  the  probe  parallel  to  the  tunnel  axis. 
They  measured  all  six  components  of  the  Reynolds  stress  tensor,  all  ten  triple  products,  and  the 
fourth  order  moments  of  the  normal  fluctuating  velocities.  The  v  and  w  fluctuating  correlations 
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were  determined  by  rotating  the  probe  to  planes  at  ±45°  such  that  a  velocity  vector  containing  both 
V  and  w  was  measured.  The  —vw  shear  stress  and  the  triple  products  involving  these  fluctuating 
velocities  were  "deduced  as  sums  and  differences  of  the  quantities  corresponding  to  these  two 
planes,"  (Baskaran  and  Bradshaw,  1987).  At  each  roll  angle,  20,000  samples  were  acquired  at  a 
rate  of  200  Hz.  They  report  the  uncertainty  in  the  measured  quantities,  at  the  station  with  the 
maxiiOTm  cross  flow  with  respect  to  the  probe,  to  be  5%  for  the  normal  stress  components,  15% 
for  —MV,  and  30%  for  —  vw  and  —uw.  The  uncertainties  were  reported  in  detail  in  Baskaran  and 
Bradshaw  (1987).  They  reported  that  the  flow  angles  near  the  wall  for  the  concave  case  were 
overestimated  by  as  much  as  2  due  to  the  interference  of  the  flow  by  the  probe  in  close  proximity 
to  the  wall.  The  flow  angles  near  the  wall  for  the  convex  case  are  overestimated  as  well  but  they 
do  not  quantify  the  uncertainty. 

For  the  concave  case,  the  locations  of  the  stations  and  the  mean  flow  parameters  as 
measured  by  the  three-hole  probe  are  detailed  in  Table  2.2.a.  The  mean  flow  profiles  were 
presented  in  a  waU  coordinate  system.  A  displacement  correction  of  15%  of  the  probe  diameter 
was  applied  to  the  wall  distance.  A  1.1  mm  diameter  Preston  tube  was  used  to  measure  the  wall 
skin  friction  magnitude.  This  assumed  that  a  law-of-the-wall  holds  for  three-dimensional  flow. 
They  cite  Femholz  and  Vagt  (1981)  and  Pierce  and  Zimmerman  (1973)  as  verifying  that  the  law- 
of-the-wall  carried  over  into  the  three-dimensional  flow  case  from  the  two  dimensional  flow  case, 
however  Ol9men  and  Simpson  (1992)  illustrated  that  this  was  not  necessarily  the  case.  The 
friction  velocity  was  obtained  by  plotting  the  resultant  mean  velocity  on  a  Clauser  chart.  The 
direction  of  the  friction  velocity  was  inferred  from  the  law-of-the-wall  through  the  use  of  an 
iterative  procedure.  The  results  are  given  in  Table  2.2.b  for  the  various  stations. 

They  calculated  the  integral  parameters  based  on  relationships  that  were  illustrated  by 
Cooke  and  Hall  (1962).  They  are  based  on  a  potential  velocity  rather  than  an  edge  velocity  but  for 
this  case  the  potential  velocity  and  the  edge  velocity  are  very  close.  The  integral  parameters  for  the 
concave  case  are  given  in  Table  2.2.c. 

They  presented  Reynolds  stress  profiles  normalized  on  verses  y  in  millimeters  in  the 
tunnel  coordinate  system.  They  appeared  to  be  consistent  with  previous  experiments  but  differed  a 
bit  from  the  results  of  Bradshaw  and  Pontikos  (1985).  They  claimed  that  the  profiles  of  — vw  at 
the  last  two  stations  are  uiu-eliable.  The  data  for  the  axial  skin  friction  tends  to  agree  with 
calculations  that  were  made  using  a  model  based  on  two-dimensional  characteristics. 

The  mean  flow  parameters  and  station  locations  for  the  convex  curvature  flow  case  are 
tabulated  in  Table  2.2.d.  Mean  flow  profiles  were  created  as  described  in  the  discussion  of  the 
concave  case.  They  plotted  the  Reynolds  stresses  as  described  above  and  which  tended  to  agree 
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with  previous  experiments.  The  integral  parameters  for  the  convex  case  are  given  in  Table  2.2.e. 
The  triple  product  profiles  were  presented  in  a  previous  papers  by  Baskaran  and  Bradshaw  (1987) 
for  the  concave  curvature  and  Baskaran,  Pontikis,  and  Bradshaw  (1987)  for  the  convex  case. 

They  plotted  the  aj  stmctural  parameter  for  both  cases  against  y/5.  The  concave  case 
exposed  ai  to  be  less  than  the  accepted  two-dimensional  value  of  0.15  with  the  values  near  the  wall 
and  towards  the  free-stream  attaining  lower  values  for  each  station.  The  convex  case  had  values  of 
ai  that  were  greater  than  0.15  and  illustrated  a  significant  amount  of  scatter  in  the  parameter.  The 
values  towards  the  ffee-stream  also  tend  to  be  reduced  as  the  region  of  entrainment  is  approached. 
They  plotted  transport  velocities  for  TKE  and  -uv  shear  stress  which  were  defined  as; 


(2.1) 

(2.2) 

These  transport  velocities  were  plotted  against  y  in  mm  and  did  not  correlate  very  well  with  each 
other.  It  appears  that  if  y  were  non-dimensionalized  on  8,  they  may  have  correlated  better.  They 
calculated  and  plotted  the  anisotropy  factor,  N,  in  local  free-stream  coordinates.  As  was  seen  in 
many  3D  flow  cases,  this  parameter  did  not  maintain  a  value  of  unity  which  implied  that  an  eddy 
viscosity  turbulence  model  would  not  apply  for  modeling  this  flow.  The  convex  curvature  case 
produced  values  of  N  that  were  greater  than  unity  and  highly  scattered  across  the  boundary  layer. 
The  concave  case  tended  to  be  reduced  from  unity  except  near  the  outer  edge  of  the  layer  where  the 
values  began  to  increase.  It  was  seen  that  the  shear  stress  lags  behind  the  velocity  gradient  vector 
for  the  concave  experiment  (N  <  1)  while  the  shear  stress  lead  the  velocity  gradient  vector  for  the 
convex  flow  case  (N  >  1).  They  concluded  that  more  experiments  involving  curvature  are  needed 
especially  with  measurements  made  in  the  near- wall  region. 
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2.2.3  The  Wing-Body  Junction  of  Devenport  and  Simpson 

Devenport  and  Simpson  (1992)  performed  a  detailed  survey  of  the  time-averaged  and  time- 
dependent  properties  of  an  idealized  wing-body  junction  flow.  This  flow  was  similar  to  the 
juncture  flow  of  McMahon  et.  bL.  An  appendage-body  flow  is  formed  when  a  boundary  layer  over 
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a  surface  encounters  a  body  protruding  from  the  surface.  The  upstream  time-averaged  vorticity 
was  initially  oriented  in  the  span-wise  direction.  A  horseshoe  shaped  vortex  with  dual  legs  of 
stream- wise  vorticity  was  formed  about  the  body  where,  according  to  the  vortex  theorems  of  fluid 
mechanics,  each  leg  attained  vorticity  of  the  opposite  direction.  Strong  pressure  gradients  were 
imposed  on  the  approaching  flow  in  the  nose  region  of  the  appendage.  An  airfoil  shape,  commonly 
used  in  applications,  was  used  for  the  wing.  It  produced  regions  of  strong  flow  acceleration 

between  the  nose  and  maximum  thickness,  and  an  adverse  pressure  gradient  region  towards  the 
trailing  edge. 

The  wing  was  a  3:2  elliptical  nose  (major  axis  aligned  to  the  chord)  with  a  NACA  0020 
tail  joined  at  the  maximum  thickness.  The  maximum  thickness  was  7.17  cm,  the  chord  was  30.5 
cm,  and  the  height  was  22.9  cm  (figure  2.3.a).  The  boundary  layer  tunnel  at  Virginia  Polytechnic 
and  State  University  was  used  for  the  experiment.  It  is  an  open-circuit  tunnel  powered  by  a 
centrifugal  blower.  The  flow  passed  through  a  honeycomb,  several  screens,  and  a  4:1  contraction 
before  entering  the  test  section.  The  free-stream  turbulence  intensity  in  the  tunnel  was  0.2%  at  27 
m/s.  The  test  section  was  8  m  long  and  0.91  m  wide  and  is  depicted  in  Figure  2.3.b.  A  throat  (an 
additional  1.5:1  contraction)  was  located  1.63  m  downstream  of  the  entrance.  In  the  absence  of  the 
wing,  the  stream-wise  pressure  gradient  was  nearly  zero.  The  flow  was  tripped  by  the  0.63  cm 
blunt  leading  edge  of  the  floor  at  the  leading  edge  of  the  test  section.  Previous  work  in  this  2D 
flow  showed  that  the  statistical  and  spectral  properties  of  this  boundary  layer  to  be  similar  to 
equilibrium  boundary  layers  studied  by  other  scientists.  Velocity  and  pressure  spectra  showed  no 
preferred  frequencies.  The  wing  was  mounted  1.39  m  downstream  of  the  throat  with  no  sweep  or 
angle  of  incidence.  A  gap  was  left  between  the  upper  wall  and  wing  to  prevent  the  formation  of  a 
second  horseshoe  vortex  on  the  ceiling.  Blockage  effects  were  accounted  for  by  removing 
plexiglas  inserts  from  the  sidewalls. 

The  data  was  presented  in  a  right  handed  coordinate  system  defined  in  Figure  2.3. a.  The 
reference  velocity  was  the  approach  main  stream  velocity  measured  at  the  throat  by  a  pitot-static 
probe.  Measurements  were  made  at  three  different  momentum  thickness  Reynolds  numbers  of 
2500,  4500,  and  6700  based  on  the  reference  velocity.  The  momentum  thickness  was  determined 
at  2.15T  (T  s  wing  thickness  =  71.7  mm)  upstream  of  the  wing  leading  edge.  The  flow  on  the 
wing  was  tripped  to  reduce  unsteadiness  and  non-uniformity  in  the  flow  over  the  wing.  A  1  mm 
diameter  wire  located  28.2  mm  downstream  of  the  wing  leading  edge  in  the  x-diiection  was  used  to 
trip  the  flow  for  most  of  the  cases  of  this  experiment.  Planes  5,  8,  and  10  (see  Fig.  2.3c)  were 
tripped  with  120  grit  sandpaper  6.35  mm  wide.  Oil-flow  visualizations  were  performed  on  the 
wing  and  the  floor.  The  streaks  indicated  the  direction  of  the  time-averaged  wall  shear  stress  which 


should  be  in  the  direction  of  the  limiting  streamlines  at  the  surface.  Extensive  pressure 
measurements  were  made  on  the  floor  and  wing.  Hot-wire  surveys  were  used  to  determine  the 
mean  velocity  and  three  terms  of  the  Reynolds  stress  tensor.  The  region  of  interest  was  the  region 
surrounding  the  nose  of  the  wing  excluding  the  zone  immediately  ahead  of  the  wing.  The  data  used 
in  the  present  study  was  obtained  by  Devenport  with  a  LDV  system. 

A  three-component  laser  doppler  velocimeter  system  was  employed  to  measure  the  mean 
velocities  and  Reynolds  stresses  in  six  planes  about  the  wing.  The  location  of  the  planes  and 
individual  profile  points  are  described  in  Figure  2.3.c.  A  Coherent  argon-ion  laser  was  used  at  a 
wavelength  of  514.5  nm  and  produced  a  power  of  1.5  W.  The  beam  was  Bragg  shifted  to  produce 
four  beams  of  equal  intensity  shifted  by  0,  -15,  21.5,  and  6.5  MHz.  Three  sets  of  transmitting 
optics  were  used  individually  to  determine  a  pair  of  velocity  components.  Two  sets  of  beams  enter 
the  tunnel  through  a  plexiglas  floor,  while  the  third  (UV  plane)  enters  from  the  sidewall.  The  flow 
was  seeded  with  dioctal  phthalate  smoke  produced  by  an  aerosol  generator.  It  was  introduced  to 
the  flow  at  the  leading  edge  of  the  test  section.  The  receiving  optics  were  situated  to  observe  the 
measurement  volume  from  the  sidewall  of  the  tunnel  at  about  20°  downstream  of  the  transmitting 
optics.  The  measurement  volume  for  each  of  the  three  systems  was  different.  The  output  signal 
was  processed  with  a  fast-sweep-rate  sampling  spectrum  analyser.  This  prevented  the 
determination  of  the  Reynolds  shear  stresses  by  simple  multiplication,  so  the  mean  square  values 
corresponding  to  the  difference  of  velocity  components  were  used  to  calculate  these  stresses.  The 
data  was  corrected  for  velocity  gradient  broadening  and  transit  time  broadening.  The  uncertainty 
in  the  measured  values  is  reproduced  in  Table  2.3. 


2.2.4  The  Axisymmetric  Shear  Induced  Flow  of  Driver  and  Johnston 

Driver  and  Johnston  (1990)  performed  experiments  over  an  axisymmetric  cylinder  aligned 
with  the  direction  of  the  flow.  The  cylinder  incorporated  a  spinning  section  which  could  be 
adjusted  to  various  rotational  rates  and  was  used  to  establish  a  3D  shear  induced  flow  field.  The 
walls  of  the  test  section  were  adjusted  for  separate  experiments  to  establish  varying  degrees  of 
adverse  pressure  gradient  or  zero  pressure  gradient.  The  primary  objectives  of  the  study  were:  to 
find  correlations  between  the  degree  of  mean  flow  three-dimensionality  and  the  lag  and  decrease  in 
the  Reynolds  stresses  that  is  seen  for  3D  TBLs,  to  determine  if  a  3D  TBL  is  more  prone  to 
separation  due  to  adverse  pressure  gradient  than  a  2D  TBL,  and  to  determine  the  effect  of  the  drop 
in  Reynolds  stress  on  the  boundary  layers  ability  to  resist  separation.  The  primary  measurement 


region  was  just  beyond  the  spinning  section  where  the  flow  was  relaxing  from  a  shear  induced  3D 
TBL  towards  a  2D  TBL. 

The  experimental  facility  that  was  used  allowed  the  effects  of  the  magnitude  of  shear 
(three-dimensionality)  and  adverse  pressure  gradient  to  be  examined  independently  or  in 
combination.  As  the  flow  progressed  along  the  cylinder,  it  evolved  through  several  different  states. 
The  flow  approaching  the  spinning  portion  of  the  cylinder  was  initially  a  2D  TBL  aligned  with  the 
mean  flow.  Over  the  upstream  portion  of  the  rotating  cylinder,  only  the  near  wall  fluid  was 
affected  and  was  a  region  of  3D  flow.  It  reached  a  collateral  state  by  the  end  of  the  cylinder  where 
the  entire  boundary  layer  fluid  was  moving  in  the  direction  of  the  wall  flow  and  the  flow  is 
essentially  2D  in  this  wall  collateral  direction.  At  the  downstream  edge  of  the  spinning  cylinder,  a 
new  boundary  condition  is  imposed,  the  wall  was  no  longer  spinning,  and  the  lateral  flow  near  the 
wall  became  retarded  resulting  in  a  classical  3D  TBL.  After  some  distance  downstream,  the  flow 
field  reached  a  2D  state  aligned  with  the  mean  flow  once  again.  Figure  2.4.a  depicts  a  graphical 
description  of  these  regions  in  the  flow.  The  length  of  the  regions  mentioned  above  all  depended 
upon  the  specific  set  of  boundary  conditions  of  a  particular  experiment. 

Several  different  wall  velocities  and  adverse  pressure  gradients  were  examined  to 
determine  a  set  of  experiments  with  the  maximum  effects  on  the  turbulence  of  both  transverse 
strain-rate  and  adverse  pressure  gradient.  For  pressure  gradient  variation,  they  had  four  separate 
cases  that  were  designated  with  letters.  Case  A  had  parallel  walls  with  dP/dx  =  0.  For  case  B,  the 
side  waUs  diverged  and  mild  suction  was  applied  at  x  =  -180  mm  (mild  dP/dx).  In  case  C,  the  side 
walls  diverged  with  strong  suction  applied  at  x  =  -180  mm  (strong  dP/dx).  And  in  case  D,  the  side 
walls  diverged  with  strong  suction  at  x  =  -4  mm  (strong  dP/dx).  The  stream-wise  pressure  gradient 
in  the  upstream  half  of  the  test  section  was  zero  due  to  the  divergence  of  the  walls  to  allow  for 
boundary  layer  growth.  The  downstream  half  had  adjustable  top  and  bottom  walls  and  several  sets 
of  rigid  side  walls  to  vary  the  adverse  pressure  gradient.  The  rigid  side  walls  had  three 
geometries;  the  zero  pressure  gradient  configuration,  a  set  that  diverged  1060  mm  downstream  of 
the  entrance  to  the  test  section  (corresponding  to  the  junction  between  the  spinning  and  stationary 
cylinders),  and  one  that  began  diverging  at  833  mm  downstream  of  the  entrance  to  cause  an 
adverse  pressure  gradient  on  the  spinning  cylinder  which  grew  to  a  maximum  at  the  end  of  the 
spinning  cylinder.  Boundary  layer  suction  was  applied  to  all  four  waUs  38  mm  upstream  of  the 
start  of  the  wall  divergence  and  removed  the  inner  third  of  the  boundary  layer.  This  resulted  in 
approximately  a  10%  mass  flow  removal  and  caused  an  additional  adverse  pressure  gradient.  In 
case  B,  suction  was  too  small  to  prevent  separation  in  the  comers  of  the  diverging  section.  In  case 
C,  comer  separation  was  avoided  but  separation  occurred  on  the  body  at  x  =  50  mm  reattaching  at 
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225  mm.  Case  D  had  an  identical  sidewall  diffuser  shape  as  in  case  C  and  the  boundary  layer  is  • 

nearly  detached  by  225  mm.  The  pressure  at  the  boundary  layer  edge,  5,  was  determined  by  LDV 

measurements  and  Bernoulli's  equation.  Static  pressure  outside  the  boundary  layer  was  nearly 

equal  to  the  pressure  measured  on  the  cylinder's  surface.  For  all  cases,  the  pressure  gradient  began 

upstream  of  the  wall  divergence.  The  pressure  distributions  were  nearly  the  same  for  spinning  and  # 

non-spinning  cases.  With  the  cylinder  spinning,  case  C  remains  attached.  Four  spin  rates  (Wj/Ur) 

were  considered  0/30,  15/30,  30/30,  and  30/15  equal  to  0,  0.5,  1.0,  and  2.0  and  were  denoted  as 

SO,  Sl/2,  SI,  and  S2  respectively.  Wj  corresponds  to  the  transverse  velocity  on  the  surface  of  the 

rotating  cylinder  and  Ur  corresponds  to  the  upstream  free-stream  velocity.  Figure  2.4.b  illustrates  # 

a  typical  experimental  setup.  Case  D  focused  the  pressure  gradient  on  the  truly  3D  part  of  the 

flow,  the  other  cases  turned  it  on  the  upstream  part  of  the  test  section.  Pressure  gradient  effects  on 

3D  flow  field  can  be  observed  by  comparing  cases  A.Sl,  B.Sl,  C.Sl,  and  D.Sl.  Effects  of 

transverse  strain  are  not  easily  distinguished.  Comparison  between  spinning  and  non-spinning  # 

cases  are  obscured  by  curvature  and  rotational  effects.  The  spinning  cases  caused  the  boundary 

layer  to  grow  at  a  faster  rate  due  to  a  destabilization  rate  generated  by  a  normal  pressure  gradient. 

This  generated  different  upstream  boundary  conditions  and  downstream  differences  that  were  not 
generated  by  the  turbulence.  However,  the  upstream  boundary  conditions  of  D.Sl,  C.Sl,  and  B.SO  9 

were  nearly  the  same  and  can  be  compared  to  determine  the  differences  between  the  spinning  and 
non-spinning  cases.  Case  D.Sl  was  the  most  useful  experiment,  where  two  extra  strain  rates,  dW/ 

3y  and  dU/dx,  are  imposed  at  the  same  location  in  the  flow  field.  Case  A.S1  is  also  very  useful  in 

that  it  serves  as  a  baseline  case.  They  disregard  case  B.Sl  based  on  a  poor  momentum  integral  9 

balance  due  to  the  separation  in  the  comers  being  unbalanced.  Cases  C.SO  and  D.SO  separated  at 

X  =  50  and  x  =  300  mm  respectively. 

The  test  section  and  measurement  techniques  were  devised  to  produce  the  least  amount  of 
flow  interference  and  uncertainty  in  the  measurements.  The  spinning  and  non-spinning  cylindrical  9 

sections  were  equal  in  diameter  to  within  +  0.04  mm  (y*"  <  4)  and  the  vibration  was  minimized  to 
less  than  +  0.03  mm  (y+  <  3).  The  flow  was  determined  to  be  reasonably  axisymmetric.  Primary 
measurements  were  obtained  on  the  downstream  stationary  section  where  the  flow  was  a  3D  TBL 
relaxing  to  a  2D  state.  Two  51  mm  sandpaper  trips  were  attached  to  the  stationary  cylinder  9 

upstream  of  the  spinning  section  at  230  mm  and  305  mm  upstream  of  the  spinning  section. 

Nominal  were  15  m/s  and  30  m/s  with  1%  and  0.6%  turbulence  intensities  respectively.  The 
spinning  section  of  the  cylinder  was  914  mm  long  and  was  rotated  at  circumferential  speeds  of  0, 

15,  and  30  m/s.  The  boundary  layer  thickness,  6,  at  the  end  of  the  spinning  section  for  Wj  =  Us  =  9 

30  m/s  was  27  mm  and  for  Ws  =  0  and  Uj  =  30,  it  was  18  mm.  This  produced  a  Ree  of  6000  and 
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4000  for  these  two  conditions.  The  maximum  pressure  gradient  was  at  x  =  0  mm.  Probes  were 
avoided  due  to  the  fact  that  in  an  adverse  pressure  gradient  case,  the  wake  of  the  probe  can  affect 
the  upstream  flow.  Surface  pressure  was  obtained  with  0.3  mm  diameter  static  pressure  taps  in  the 
stationary  cylinder.  The  accuracy  in  Cp  was  better  than  ±  0.01  based  on  repeat  runs.  Surface 
pressure  on  the  rotating  portion  was  obtained  by  attaching  static  pressure  tubes  to  the  surface  while 
the  cylinder  was  not  spinning.  Surface  skin  friction  was  measured  with  a  two  beam  laser- 
interferometer  oil-flow  technique  (no  correction  was  applied  to  correct  for  the  effect  of  an  adverse 
pressure  gradient  effects  on  the  oil  since  it  was  determined  to  be  negligible).  The  oil  thickness  was 
10  pm  and  the  major  source  of  error  was  assumed  to  be  generated  by  scratches  in  the  finish  on  the 
order  of  1  pm.  The  uncertainty  in  Cf  was  estimated  to  be  ±  10%  of  the  measured  value.  Preston 
pitot  tube  measurements  were  made  to  determine  the  skin  friction  where  there  was  no  significant 
crossflow.  An  oil  flow  visualization  was  performed  and  determined  the  surface  flow  direction  to 
within  +  1.5°.  All  three  components  of  velocity  were  determined  through  the  use  of  a  three  color 
LDV  system  (Blue,  488  nm.  Green,  514.5  nm,  violet,  476  nm)  where  one  beam  of  each  color  was 
shifted  by  40  MHz  and  the  beam  angles  were  generally  8°.  The  receiving  optics  was  placed 
in  a  direction  30°  off  of  forward  scatter  mode.  Velocity  bias  corrections  were  used  to  obtain  mean 
U,  V,  and  W  to  ±  0.3  m/s  (1%  FS)  and  and  to  +  10%  of  local  values.  Reynolds  shear 

stress  values  were  determined  with  an  accuracy  of  ±  5%  of  the  rms  values  when  multiplied  to  form 
the  proper  product  (Uj'uj').  Triple  product  quantities  have  an  accuracy  of  +  4%  of  Ui'uj’uk'. 
Pressure  fluctuations  induced  by  the  fan  were  less  than  ±  1%  of  the  dynamic  pressure  at  25  Hz.  It 
should  be  noted  that  skin  friction  for  case  B  was  obtained  in  off  design  conditions  and  should  be 
used  qualitatively  only.  Data  were  obtained  for  distances  from  the  wall  of  y*"  >  20  through  the 
edge  of  the  boundary  layer. 

At  the  upstream  stations  the  flow  behaved  like  a  2D  TBL  traveling  in  a  -45°  direction.  The 
turbulent  kinetic  energy  decayed  as  the  flow  progresses  downstream  due  to  the  removal  of  the 
production  caused  by  the  wall.  The  absence  of  the  transverse  strain  removed  the  direct  production 
of  .  The  normal  stress  magnitude  dropped  too  since  its  growth  is  related  to  redistribution  by 
the  pressure-rate-of-strain  terms.  Therefore  in  this  flow,  was  the  only  Reynolds  normal  stress 
left  being  produced  and  the  others  fed  off  of  it  causing  its  reduction.  The  -uv  Reynolds  shear 
stress  decayed  downstream  but  it  does  not  directly  depend  on  the  transverse  strain  as  for  the  TKE. 
Its  level  can  drop  as  a  result  of  a  decrease  in  .  It  decayed  to  levels  lower  than  observed  in  2D 
flows  which  was  assumed  to  be  caused  by  three-dimensionality.  They  employed  an  axial 
momentum  equation  to  ascertain  the  importance  of  the  various  terms.  In  doing  so,  they  ignored  the 
laminar  viscous  stress.  The  Reynolds  stress  terms  were  large  only  near  the  wall  in  comparison  to 
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the  convection  and  pressure  gradient  terms.  Near  the  wall,  the  stress  acts  to  balance  the  pressure 
gradient  and  re-energize  the  mean  flow.  Away  from  the  wall,  the  small  amounts  of  shear  stress 
added  to  pressure  forces  in  extracting  flow  momentum.  Outer  layer  momentum  was  transferred  to 
the  iimer  layer  and  maintained  forward  motion  of  the  flow  near  the  waU,  decelerating  the  outer 
flow,  (note:  in  a  zero  pressure  gradient  flow  the  stress  would  act  to  retard  the  flow  across  the  entire 
layer.)  Transverse  momentum  was  lost  in  the  wall  region  due  to  Reynolds  stresses  being  produced 
by  the  stationary  wall.  The  imposition  of  an  adverse  pressure  gradient  did  not  affect  the  direction 
of  the  shear  stress  angle  while  the  flow  gradient  angle  was  turned,  evidence  that  the  stresses 
maintain  a  slow  response  to  directional  changes  in  the  strain  rate.  The  imposition  of  the  adverse 
pressure  gradient  caused  the  mean  flow  angle  and  the  strain  rate  angle  to  turn  in  different 
directions. 

As  inferred  from  the  above  discussion,  the  flow  behaved  anisotropically  as  seen  in  other 
3D  TBL  experiments.  Driver  made  his  observations  of  the  Reynolds  stresses  and  flow  angles  in  a 
local  free-stream  coordinate  system.  The  Reynolds  shear  stress  development  was  seen  to  lag  the 
modifications  to  the  rate  of  strain  field.  This  was  observed  in  qualitative  examination  of  the  shear 
stress  development  as  compared  to  the  mean  flow  development  and  also  by  a  direct  comparison  of 
the  shear  stress  angles  to  the  flow  gradient  angles.  This  implies  that  a  constant  turbulent  eddy 
viscosity  concept  breaks  down  for  this  flow  and  that  N  is  less  than  the  2D  value  of  unity.  The 
mixing  length,  formulated  to  include  the  span-wise  values  of  strain  and  shear  stress  magnitude, 
was  observed  to  be  lower  than  the  typical  2D  values  of  0.09  8,  for  the  outer  layer.  This  reduction 
does  not  seem  to  exhibit  consistent  behavior  when  a  number  of  3D  experiments  are  compared.  A 
reduction  in  the  shear  stresses  was  seen  in  the  near  wall  region.  This  reduction  tended  to  be 
diffused  outward  into  the  boundary  layer  for  downstream  stations  and  adverse  pressure  gradients 
tended  to  increase  the  magnitude  of  the  reduction.  The  aj  structural  parameter,  which  is  normally 
0.14  -  0.15  and  approximately  constant  across  most  of  a  2D  TBL,  was  reduced  by  30%.  Adverse 
pressure  gradients  are  known  to  reduce  this  parameter,  so  part  of  the  decrease  was  credited  to  this 
condition,  but  the  total  reduction  was  due  to  the  combined  effects  of  transverse  strain  and  pressure 
gradient.  Considering  that  the  mixing  length  was  effected  greater  in  the  outer  layer  and  ai  in  the 
iimer  layer,  they  inferred  that  near  the  wall  Reynolds  stress  adjusts  rapidly  to  the  new  strain  field 
while  the  turbulent  kinetic  energy  does  not.  While,  away  from  the  waU  neither  adjust  quickly. 
They  attempted  to  correlate  2ai  with  several  parameters,  a  recommended  parameter  being  the  value 
of  ai  at  0.1  y/8.  The  problem  with  this  correlation  being  that  it  does  not  apply  to  the  flow  across 
the  entire  boundary  layer,  but  rather  is  tailored  for  the  flow  dynamics  about  that  location.  The 
parameters  that  they  examined  seemed  to  fail  to  accurately  correlate  the  behavior  of  ai.  They 


inferred  that  the  stream-wise  mean  vorticity  is  somehow  interfering  with  the  turbulence.  They 
proposed  a  model  for  ai  that  under  predicts  it  across  the  boundary  layer,  but  they  claim  that  aj  is 
more  sensitive  in  the  inner  layer  and  this  model  will  not  effect  the  outer  layer  prediction 
sufficiently. 

They  evaluated  the  behavior  of  transport  equations  and  several  turbulence  models  for  this 
flow.  To  evaluate  the  transport  equation  for  TKE,  they  used  the  experimental  data,  along  a  path  of 
constant  stream  function  beginning  at  y+  ~  100  and  x  =  -457,  for  all  of  the  terms  except  the 
dissipation  term  which  was  inferred  as  the  difference  of  the  others.  This  analysis  showed  that,  in 
the  upstream  section,  the  production  and  dissipation  were  nearly  equal  and  opposite.  The 
production  of  TKE  was  greatly  enhanced  by  the  additional  rate  of  strain  from  the  spinning 
cylinder.  They  inferred  from  this  analysis  that  the  TKE  evolved  relatively  slow  in  comparison  to 
the  rates  of  production  and  dissipation  and  imposed  a  near  equilibrium  state  on  the  turbulence. 
The  Reynolds  stress  transport  equations  were  determined  similarly  but  the  pressure  rate  of  strain 
terms  were  grouped  with  the  dissipation  and  calculated  as  the  difference  from  all  of  the  other  terms. 
This  term  (pressure  strain)  was  nearly  equal  to  the  production  of  the  uv  stress.  The  convection 
and  diffusion  terms  were  small  relative  to  the  production  term  for  all  cases.  The  transport  equation 
for  the  vw  stress  showed  that  production  was  the  largest  term  and  tended  to  decay  with  distance 
downstream.  The  convection  term  was  negative  indicating  a  net  decay  of  viv  stress  as  the  flow 
progresses  downstream.  The  convection  term  was  relatively  large  in  comparison  to  the  production 
term  as  well. 

They  performed  various  calculations  with  several  turbulence  models  and  compared  the 
results  to  their  experimental  data.  All  of  the  models  failed  to  predict  the  drop  in  the  -mv  stress 
with  the  onset  of  three-dimensionality.  This  reflects  an  inherent  error  in  the  models  with  respect  to 
the  actual  physics  of  the  flow.  The  models  under  predicted  the  v>v  stress  in  the  outer  layer  and 
over  predicted  it  in  the  inner  layer.  The  TKE  was  generally  under  predicted  in  the  entire  flow, 
which  is  a  classical  flaw  in  turbulence  models  for  ic-6  models  and  is  suspected  to  be  caused  by 
errors  in  the  dissipation  rate  equation.  They  report  that  the  mixing  length  models  worked  the  worst 
of  all  the  models  tested.  They  claimed  that  even  in  models  where  anisotropy  is  taken  into  account, 
the  pressure  rate  of  strain  models  are  suspected  to  be  in  error. 

2.2.5  The  Rotating  Disk  Experiment  of  Littell  and  Eaton 


Littell  and  Eaton  (1991)  performed  an  experiment  over  a  smooth  flat  disk  at  various 
rotational  rates  in  a  quiescent  ambient  atmosphere.  This  established  a  truly  shear  driven  flow  in 


the  absence  of  any  pressure  gradients.  The  experimental  setup  allowed  them  to  vary  the  amount  of 
shear  influencing  the  boundary  layer  by  simply  varying  the  rotational  rate  of  the  disk.  Near  the 
disk,  the  fluid  close  to  the  surface  felt  a  centrifugal  force  proportional  to  the  tangential  velocity  at 
that  location.  This  force  flung  the  fluid  mass  near  the  disk  outward  tangentially  and  new  fluid  was 
entrained  from  above  the  disk.  Figure  2.5.a  illustrates  the  streamlines  over  the  rotating  disk.  This 
setup  is  different  from  traditional  3D  TBL  experiments,  but  it  provides  a  simple  test  case  for 
comparison  with  calculations.  The  configuration  eliminated  the  effects  of  pressure  gradients  on  the 
three-dimensionality  of  the  flow  field.  The  boundary  layer  profile  of  this  flow  is  shown  in  Figure 
2.5.b.  Their  main  objective  was  to  determine  the  flow  dynamics  of  an  'infinite  rotating  disk'  and 
detail  the  turbulence  structure. 

The  disk  was  15  mm  thick,  1  m  in  diameter  and  lapped  to  provide  a  surface  deviation 
better  than  10  jlinches.  The  disk  was  situated  on  a  stand  which  was  isolated  from  the  drive  motor 
(figure  2.5.C).  Additional  measures  were  provided  to  dampen  vibrations  that  were  transmitted 
through  the  drive  train.  It  was  determined  that  the  maximum  operating  speed  was  1500  RPM.  A 
test  cell  was  constructed  about  the  experimental  apparatus  for  safety  in  case  the  disk  would  have 
exploded  or  been  separated  from  its  foundation  (figure  2.5.d).  The  test  cell  also  provided 
additional  temperature  control  and  protection  from  particular  contaminants  in  the  flow.  The  disk 
was  positioned  within  an  apron,  1/3  of  the  radius,  that  extended  the  flat  surface  of  the  disk  to 
isolate  the  flow  above  the  disk  from  the  flow  below  the  disk.  A  topless  box  that  could  be  raised  or 
lowered  was  attached  under  the  table  to  additionally  separate  the  flow  on  the  lower  surface  of  the 
disk  from  the  flow  in  the  room.  Vanes  were  added  to  the  apron  to  direct  the  fluid  exiting  the  test 
zone  in  a  radial  direction  and  remove  its  angular  momentum.  This  caused  the  flow  in  the  test  cell 
to  assume  a  toroidal  shape  as  seen  by  particles  injected  for  flow  visualization.  A  traverse  was 
constructed  that  mounted  to  a  frame,  independent  of  the  drive  stand,  to  minimize  the  vibrations  in 
the  probes.  This  allowed  probes  to  be  lowered  to  the  surface  of  the  disk  from  above  (figure  2.5 .c). 
A  gooseneck  probe  stem  was  employed  to  allow  rotation  of  the  probe  while  maintaining  the  same 
measurement  location.  A  computer  was  used  to  control  the  disk  speed,  the  traverse,  and  to  acquire 
and  store  the  data.  The  traverse  allowed  the  probe  to  be  aligned  with  the  mean  flow  at  each 
location.  It  had  a  vertical  resolution  of  1.6  |J,m. 

Several  different  probes  were  used  to  examine  this  flow.  First,  they  used  a  three-hole 
pressure,  Conrad,  probe  in  non-nulling  mode.  This  meant  that  they  calibrated  the  probe  to 
determine  the  angle  of  the  flow  with  respect  to  the  probe  axis.  Measurements  with  this  probe  gave 
an  uncertainty  of  ±  0.2  m/s.  It  was  used  throughout  the  flow  to  investigate  the  laminar  region  of 
the  flow  near  the  center  of  the  disk  and  in  the  region  where  the  flow  had  transitioned  to  fully 
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turbulent.  They  used  hot-wire  anemometers  to  explore  the  turbulence  structure  of  the  flow.  A 
straight  wire  was  used  in  the  inner  region,  near  the  disk  center,  to  examine  the  laminar  part  of  the 
flow  for  comparison  with  theory.  Crosswire  hot-wire  probes  were  used  to  determine  the  turbulence 
characteristics  in  the  turbulent  regime  of  the  flow.  The  probes  were  rotated  in  45“  increments 
about  the  probe  stem  axis  to  determine  the  three  mean  velocity  components,  six  Reynolds  stresses, 
and  ten  triple  products.  For  each  measurement  location,  10,000  samples  were  acquired  at  100  Hz. 
The  probe  stem  was  aligned  with  the  mean  flow  for  the  data  acquired  with  these  probes.  The 
uncertainties  in  the  Reynolds  stress  components  is  given  in  Table  2.4.a.  The  probes  were 
calibrated  before  the  final  set  of  data  was  obtained  for  each  measurement  station. 

For  the  turbulence  data,  nine  separate  experiments  for  three  different  radii  and  eight 
different  rotational  rates  are  reported.  Their  study  focused  on  the  outer  layer  and  the 
measurements  spanned  from  y/5  =0.1  to  beyond  the  edge  of  the  boundary  layer.  The  various 
velocities  were  non-dimensionalized  on  the  momentum  thickness  due  to  the  fact  that  the  boundary 
layer  thickness  was  extremely  difficult  to  determine  in  the  absence  of  an  external  mean  flow. 
Several  of  the  flow  characteristics  are  listed  in  Table  2.4.b.  The  friction  velocity,  u.^,  was 
determined  from  a  fit  to  the  law-of-the-wall.  This  provided  profiles  that  seemed  to  scale  on  the 
conventional  2D  law-of-the-wall  for  the  U  component  of  the  mean  velocity  as  well  as  the  total 
velocity  vector  magnitude.  The  value  of  the  skin  friction  was  also  determined  from  log  law  fit  for 
each  profile.  The  normal  Reynolds  stresses  were  roughly  similar  in  relative  magnitudes  to  those 
seen  in  other  TBLs.  Twice  the  TKE  was  seen  to  be  constant  with  increasing  Reynolds  number 
where  in  other  flows,  this  parameter  was  seen  to  decrease  with  increasing  three-dimensionality.  By 
observation  of  the  -mv  shear  stress,  they  determined  that  there  is  no  constant  stress  layer  in  this 
flow.  They  did  not  observe  a  peak  in  this  stress  away  from  the  wall  as  typically  seen  in  other  3D 
TBLs.  The  behavior  of  this  stress  suggested  the  existence  of  major  structural  differences  in  this 
flow'.-  The  other  shear  stresses  behaved  similarly  to  what  was  seen  in  other  3D  TBLs. 

They  compared  various  structural  parameters  between  their  experiment  and  five  other  3D 
TBL  experiments.  The  maximum  difference  in  the  flow  angle  was  11°  which  implies  weak  3D 
effects  when  compared  to  the  range  of  available  3D  experimental  data  sets.  The  ratio  of  the 
Reynolds  stresses  in  the  plane  parallel  to  the  wall  to  those  normal  to  the  wall  illustrates  the 
boundary  layers  preference  for  stream-wise  velocity  fluctuations  over  wall  normal  fluctuations.  An 
increase  in  this  value  points  to  a  decrease  in  eddy  coherence  (Littell  and  Eaton,  1991).  The 
previous  experiments  showed  a  monotonic  decrease  in  this  parameter  as  the  measurements  move 
away  from  the  wall.  However,  the  present  experiment  illustrated  a  peak  in  this  parameter  in  the 
outer  layer  that  seemed  to  decrease  and  move  outward  with  Reynolds  number  at  a  given  radius. 
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The  ai  structural  parameter  exhibited  behavior  that  was  different  from  any  of  the  other  flows  that 
were  examined.  In  the  other  flows,  ai  is  seen  to  be  depressed  near  the  wall  with  the  decrease 
diffusing  outwards  downstream.  For  the  disk  flow,  it  reached  its  maximum  (approximately  0.15) 
nearest  the  wall  and  then  decreased  nearly  linearly  to  the  edge  of  the  boundary  layer.  The  shear 
stress  angle  was  seen  to  slightly  lag  the  flow  gradient  angle.  Since  this  lag  was  so  small  they  could 
not  clearly  discern  the  anisotropy  from  this  type  of  analysis.  The  value  of  the  invariant  anisotropy 
factor,  Ng  or  Rotta's  T  parameter,  was  near  unity  throughout  this  boundary  layer.  This  is 
indicative  of  a  flow  that  is  slowly  turning  or  has  had  ample  time  to  adjust  to  the  imposition  of  the 
crossflow.  It  was  seen  by  calculations  that  an  isotropic  eddy  viscosity  performed  well  for  this  type 
of  flow.  If  a  Coriolis  force  were  acting  to  redistribute  the  Reynolds  stresses  among  the  various 
tensor  components,  the  u  and  w  fluctuations  would  have  been  negatively  correlated.  This  was  not 
the  case  and  the  Coriolis  effects  were  determined  to  be  small  and  did  not  cause  the  structural 
changes  in  this  boundary  layer.  They  suspected  that  the  outer  region  of  this  boundary  layer  was 
dominated  by  inviscid  irrotational  motions  as  supported  by  other  studies  (Littell  and  Eaton,  1991). 

They  use  the  anisotropy  invariant  map  (Reynolds,  1989)  illustrated  that  all  of  the  turbulent 
data  for  this  flow  fell  near  the  axisymmetric  expansion  line.  This  is  another  Realizability  test  for 
experimental  data  or  for  turbulence  models  to  determine  if  they  produce  geometrically  realizable 
states  of  turbulence.  In  the  outer  regions  of  the  boundary  layer,  the  one  component  state  was 
approached  which  indicated  that  most  of  the  energy  in  the  flow  was  concentrated  in  a  direction 
parallel  to  the  wall.  Also  from  this  analysis,  they  were  able  to  determine  that  at  the  points  nearest 
to  the  wall,  the  turbulence  was  not  yet  wall  dominated. 

They  investigated  the  Prandtl  mixing  length  concept  formulated  such  that  it  was  invariant 
to  a  coordinate  system  transformation  about  an  axis  normal  to  the  wall  (equation  1.5).  They 
compared  it  to  the  near  wall  value  of  ( =  0.4  ly  and  the  data  are  seen  to  approach  this  line,  but  the 

data  were  not  obtained  near  enough  to  the  wall  for  an  overlap  between  the  data  and  the  theory.  The 
other  data  sets  are  seen  to  foUow  this  near  wall  prediction  well  but  deviate  from  the  accepted  value 
of  0.095  in  the  outer  layer.  Each  experiment  has  a  dilferent  amount  of  decrease  in  the  outer  region. 
The  disk  flow  data  was  decreased  less  (by  approximately  only  15%)  than  the  other  data  sets 
reported. 

They  calculated  a  dissipation  length  scale  which  was  the  ratio  of  the  turbulent  kinetic 
energy  to  the  isotropic  dissipation  rate,  LgK  =  Here  e  is  the  isotropic  dissipation  of  TKE. 

They  calculated  this  length  scale  and  a  similar  scale  with  the  magnitude  of  the  Reynolds  shear 
stress  in  the  numerator,  Lg^,  by  using  a  similar  model  length  scale  equation  with  the  in  the 
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numerator.  The  model  only  seemed  to  predict  the  scale  LeK  well.  This  analysis  indicated  that  the 
dissipation  rate  was  similar  to  a  2D  TBL  with  the  same  TKE  distribution. 

They  evaluated  the  Reynolds  stress  transport  for  this  data  set  also.  Derivatives  with 
respect  to  the  tangential  direction  are  zero  due  to  axisymmetry  and  were  removed  from  the 
equations.  The  dissipation  terms  were  evaluated  as  the  difference  of  the  other  terms.  In  doing  so, 
they  included  the  fluctuating  pressure  terms  (Pressure  Diffusion  and  Pressure  Strain)  in  the 
differenced  term.  The  viscous  diffusion  term  was  reasoned  to  be  small  and  was  simply  neglected. 
No  uncertainties  were  evaluated  for  this  analysis  and  it  was  to  serve  as  a  qualitative  representation. 
For  the  -uv  stress  in  this  flow,  the  production  was  concentrated  much  nearer  to  the  wall  than  a  2D 
TBL.  This  also  indicated  that  the  outer  layer  was  dominated  by  inactive  motion.  Numerical 
simulations  have  shown  a  peak  in  the  turbulent  diffusion  near  y/5  =  0.5  which  were  sUghtly 
perceivable  in  the  data.  The  deficiency  was  attributed  to  the  inability  to  measure  the  pressure 
diffusion  terms  which  attain  increased  importance  in  the  outer  layer.  The  Coriolis  forces  were  seen 
to  be  a  one  way  redistribution  of  stress  from  -uv  to  -vw.  The  production  and  dissipation  were 
seen  to  dominate  the  transport  of  the  -uv  stress.  The  evolution  of  the  -vw  stress  was  more  effected 
by  the  Coriolis  effect  and  the  rotation  than  the  -uv  stress.  Due  to  rotational  effects  in  this  flow  and 
coordinate  system,  a  particle  with  a  -w  fluctuation  develops  a  +u  fluctuation  (due  to  the  Coriolis 
effects).  A  peak  was  seen  in  the  various  terms  where  -vw  changes  sign.  The  rotation  tended  to  cut 
down  on  the  turbulent  transfer  of  momentum  and  allowed  for  a  steep  velocity  gradient  near  the 
wall.  They  also  evaluated  the  transport  of  (2  *  TKE).  The  rotation  terms  analytically  dropped  out 
of  this  equation  which  shows  that  the  total  TKE  budget  was  not  altered  by  the  rotation.  This 
analysis  showed  the  dissipation  to  be  under  predicted  and  for  the  production  to  drop  off  sooner 
near  the  wall  in  comparison  to  other  3D  TBLs. 

They  summarized  that  the  disk  flow  is  dominated  by  the  near  wall  region  and  that  inactive 
motions  and  reduced  entrainment  were  more  prevalent  than  in  2D  TBLs.  They  were  unable  to 
determine  the  cause  of  the  reduced  level  of  Reynolds  shear  stress  in  the  disk  flow.  They 
hypothesized  that  the  turbulence  in  a  3D  TBL  is  less  efficient  at  extracting  energy  from  the  mean 
flow  field.  They  also  performed  a  series  of  two-point  measurements  in  an  attempt  to  determine,  the 
stmcture  of  the  turbulent  eddies  and  other  coherent  stractures.  They  determined  that  the  log  layer 
structures  described  by  Robinson  (1991),  the  vortical  arches  with  one  quasi-stream-wise  leg 
trailing  behind,  were  possible  in  this  flow.  However,  they  were  modified  in  that  if  the  leg  fell  on 
the  side  of  the  arch  towards  the  disk  center,  it  could  product  ejections  but  not  strong  sweeps.  A  leg 
lying  on  the  outboard  side  of  the  arch  could  produce  strong  sweeps  but  no  ejections.  A  detailed 


description  of  the  analysis  is  not  included  due  to  the  difference  in  the  analysis  from  the  focus  of  the 
current  study. 


2.2.6  The  Converging  and  Diverging  Duct  Flows  of  Pompeo 

Pompeo  (1992)  studied  turbulent  boundary  layers  generated  in  three  duct  geometries:  a  2D 
duct,  a  laterally  converging  duct,  and  a  laterally  diverging  duct.  The  blower  tunnel  had  2D  flow 
characteristics  at  the  inlet  and  exit  to  the  test  section.  There  were  small  pressure  fluctuations  in  the 
flow  due  to  the  blower.  The  test  section  was  designed  around  a  movable  table  to  facilitate  the 
adjustment  and  precision  of  the  measurement  locations  and  provided  a  large  degree  of  computer 
control  for  the  instramentation.  This  required  that  the  tunnel  be  positioned  at  a  3”  angle  of 
incidence  to  the  floor  of  the  test  section  (figure  2.6.a).  The  location  of  the  origin  of  the  tuimel 
coordinate  system  was  at  850  mm  downstream  of  this  deflection.  They  determined  that  a  typical 
2D  TBL  had  developed  by  this  point  exhibiting  no  traces  of  the  deflection.  No  trip  was  used  and 
transition  occurred  about  2  m  upstream  of  the  deflection.  This  resulted  in  a  free-stream  turbulence 
intensity  of  0.1%  at  the  entrance  of  the  test  section  and  6  =  17  mm  at  x  =  0.  They  measured  the 
stream-wise  pressure  gradient  (dUg/dx)  and  determined  the  flow  acceleration  to  be  4%  which 
indicates  a  weak  adverse  stream-wise  pressure  gradient.  The  reference  dynamic  pressure  (Pref), 
measured  at  (0,80  mm,  0),  was  1000  Pa  for  all  of  the  experiments.  The  reference  free-stream 
velocity  was  ~  42  m/s  for  all  test  cases.  The  Reynolds  number  based  on  momentum  thickness 
(Ree)  ranged  from  4000-4700  (at  x  =  0  mm)  to  25,000  (at  x  =  2500  mm)  in  the  converging  nozzle. 

The  2D  nozzle  (figure  2.6.b)  was  used  to  check  the  wind  tunnel  and  to  compare  the 
measuring  techniques.  It  was  designed  such  that  the  distance  from  the  floor  to  the  roof  was 
increased  along  the  x-direction  to  account  for  the  growth  of  the  boundary  layers  on  the  four 
surfaces.  This  resulted  in  a  nearly  constant  free-stream  velocity  (acceleration  of  the  flow  is 
mentioned  above).  The  data  supplied  for  the  2D  nozzle  were  cormpted.  All  of  the  stations  report 
exactly  the  same  numbers  as  the  first  station.  Therefore,  the  data  for  this  nozzle  were  not  used  in 
the  present  survey. 

The  converging  duct  was  designed  to  generate  a  potential  flow  with  uniform  velocity  far 
upstream,  far  downstream,  and  along  the  centerline  with  a  specified  3W/dz  along  the  centerline.  A 
potential  calculation  was  performed  according  to  theory  by  Lamb  (see  Pompeo,  1992)  which 
consisted  of  a  vertical  array  of  sources  and  a  horizontal  array  of  sinks  located  in  a  parallel  flow 
(see  Figure  2.6.c  for  the  calculation  coordinate  system).  The  tunnel  walls  were  determined  by 
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defining  streamlines  to  give  a  certain  inlet  and  exit  area.  The  dW/dz  strain  rate  was  specified  to  be 
-0.015  s  *  at  X  =  -500  mm  and  x  =  2500  mm  (experimental  tunnel  coordinates,  Figure  2.6.b)  and  - 
31.434  s'*  at  X  =  1000  mm.  The  cross  sections  were  approximated  as  rectangles  with  a  constant 
cross-sectional  area  where  the  width  was  reduced  and  the  height  increased  along  the  centerline  (see 
Figure  2.6.C  for  tunnel  geometry).  The  growth  of  the  boundary  layer  was  not  considered  in  the 
calculation  and  resulted  in  the  flow  acceleration  mentioned  above.  This  meant  that  they  had  to 
measure  the  flow  in  great  detail  to  provide  a  solid  test  case  for  comparison  with  calculations.  This 
duct  provided  a  flow  with  converging  streamlines  and  tended  to  increase  5  as  predicted  by  the 
additional  term  in  the  continuity  equation.  The  flow  was  initially  2D,  became  3D,  and  relaxed 
again  to  2D  conditions. 

A  diverging  test  case  was  created  by  simply  rotating  the  converging  duct  180°  about  a 
vertical  axis.  This  case  had  diverging  streamlines  which  tended  to  reduce  8  and  affected  the 
turbulence  structure  through  additional  vortex  stretching  in  the  z-direction.  This  resulted  in  a  small 
deceleration  of  the  flow  comparable  to  the  acceleration  of  the  converging  duct. 

To  match  the  tunnel  outlet  to  the  various  test  ducts,  several  curved  connection  ducts  were 
designed.  The  origin  of  the  experimental  tunnel  coordinates  was  500  mm  downstream  of  the 
location  where  the  connection  duct  and  the  test  duct  were  joined  (fig  2.6.b).  This  caused  a  greater 
initial  acceleration  of  the  diverging  test  case  due  to  a  smaller  initial  x-dimension. 

Several  measurement  techniques  were  evaluated  for  use  in  this  flow.  Single-hole,  three- 
hole,  and  five-hole  pitot  tubes  of  various  diameter  were  used  to  determine  the  mean  velocity  vector, 
static  pressure,  and  skin  friction  (using  a  Preston  algorithm).  The  y  location  of  each  measurement 
was  accurate  to  within  +  0.01  mm  and  the  yaw  measurement  had  uncertainties  of  ±  0.5°  near  the 
wall  and  ±  0.2°  in  the  outer  region.  The  Preston  tube  skin  friction  measurements  were  determined 
to  be  +  1%  uncertain.  The  use  of  each  type  of  pitot  tube  is  described  in  the  data  supplied  with  the 
report  (Pompeo,  1992).  The  skin  friction  along  the  centerline  of  the  test  section  was  determined 
with  a  skin-friction  balance.  It  could  be  used  off  of  the  centerhne,  but  they  relied  on  the  Preston 
tube  measurements  in  these  regions.  The  uncertainty  in  the  skin  friction  measurement  was  about  ± 
0.03  N/m^.  Rotatable  cross-wire  hot-wire  probes  were  used  to  determine  the  turbulence 
characteristics  of  this  flow.  Pompeo  experimented  with  several  different  wire  configurations  using 
from  one  to  four  wires.  They  determined  that  a  rotatable  cross-wire  method  would  produce  the 
least  amount  of  uncertainty.  To  reduce  the  measurement  errors  due  to  finite  differences  in  probe 
geometry,  they  took  advantage  of  the  symmetry  of  the  tunnel  and  made  measurements  at  locations 
exactly  on  opposite  sides  of  the  centerline  for  a  given  x-location  using  the  same  probe.  All  of  the 
Reynolds  stress  components  and  triple  products  were  determined  by  rolling  the  probe  about  its 


stem  axis  to  four  different  roll  angles.  The  angles  were  determined  to  +  0.6°.  The  probe  was  not 
aligned  with  the  mean  flow  direction  but  was  calibrated  in  a  3D  flow  field  for  several  yaw  angles 
and  later  matched  to  the  proper  calibration  from  the  measurement  of  the  mean  velocity  direction  by 
the  three-hole  pitot  probe  (the  non-nulling  measurement  technique).  They  were  able  to  measure 
turbulence  characteristics  down  to  3  +  0.05  mm  away  from  the  wall  which  corresponded  to  y/5  > 
0.1.  They  report  uncertainties  of  <  10%  for  the  Reynolds  stresses  and  <  2%  for  the  mean 
velocities  measured  by  the  pitot  tubes  but  do  not  report  uncertainty  in  the  triple  product 
measurements. 

The  focus  of  this  experiment  was  on  the  centerline  where  the  only  additional  three- 
dimensionality  was  the  dW/dz  rate  of  strain.  In  this  plane,  the  uw  and  vw  Reynolds  shear  stresses 
should  be  zero.  However  in  the  data  that  accompanies  the  Pompeo  (1992)  report,  they  report  uw 
shear  stresses  on  the  order  of  20%  of  the  -uv  shear  stress.  It  is  assumed  that  these  values  are  the 
result  of  experimental  uncertainties  and  that  no  vw  shear  stresses  existed  in  the  plane  of  the 
centerline. 

They  calculate  the  characteristic  boundary  layer  thicknesses  from  the  pitot  tube  data.  The 
boundary  layer  thickness,  6,  was  determined  as  the  y  location  where  U  =  0.995  Ug.  Also  the 
displacement  thickness  (8*),  the  momentum  thickness  (0),  and  the  energy  thickness  (63)  were 
calculated  but  not  reported.  They  reported  that  calculation  of  the  skin  friction  with  the  Ludwig  and 
Tillman  equation  systematically  overestimated  the  measured  values  by  ~  8%.  The  Preston  tubes  in 
the  3D  flow  were  aligned  with  the  tunnel  axis  and  it  was  assumed  that  their  yaw  characteristics 
varied  as  a  Cosine  function.  They  determined  x^x  to  within  2%  and  calculated  Xwz  as  Xwz  =  Xwx 
Tan  (Yw)  where  was  determined  by  the  three-hole  probe  at  y  =  0.2  mm.  Comparison  with  the 
skin-friction  balance  yielded  differences  of  <  2.5%. 

Along  the  centerline,  the  level  of  the  turbulent  stresses  was  greater  than  the  2D  values  for 
the  diverging  case  and  lower  than  the  2D  values  for  the  converging  case.  The  hierarchy  of  normal 
stresses,  ,  was  observed  in  all  cases.  They  determined  the  eddy  viscosity  and  mixing 

length  values  along  the  centerline.  The  converging  case  showed  that  both  parameters  were  lower 
than  expected  for  a  2D  flow.  There  were  smaller  differences  for  the  mixing  length  than  for  the 
eddy  viscosity.  There  was  very  little  indication  of  the  flow  relaxing  to  a  2D  state  from  these 
parameters.  For  the  diverging  case,  both  of  the  parameters  increase  from  2D  values  initially  and 
then  relax  to  values  comparable  to  2D  experiments. 

The  stations  away  from  the  centerline  were  skewed  by  a  mild  span-wise  pressure  gradient. 
The  normal  Reynolds  stresses  did  not  illustrate  any  variation  in  the  span-wise  direction  and  the 
value  of  -uv  was  nearly  constant.  The  uw  and  vw  shear  stresses  increased  away  from  the 


centerline.  The  maximum  difference  between  the  wall  stress  angle  and  the  local  fee-stream  angle 
is  8  for  the  converging  and  5°  for  the  diverging  flow.  The  shear  stress  angle  slightly  lagged  the 
flow  gradient  angle  for  most  of  the  flow  but  an  opposite  trend  was  observed  for  some  regions  of  the 
flow.  The  anisotropy  parameter,  N,  was  <  1  with  a  minimum  at  0.6  for  both  3D  cases.  It  tended 
more  towards  unity  near  the  wall  and  attained  higher  values  near  the  maximum  yaw  angle.  The 
span-wise  variation  of  the  turbulent  eddy  viscosity  was  small.  The  aj  structural  parameter  was 
approximately  constant  at  0.14  across  the  layer  for  both  the  converging  and  diverging  cases.  They 
claimed  that  the  velocity  distributions  for  this  experiment  agreed  with  the  logarithmic  law-of-the- 
wall  as  seen  in  2D  flows.  They  also  report  the  calculation  of  a  correlation  coefficient  for  the 
Reynolds  stress  (Pompeo  et.  al,  1993)  but  do  not  present  the  results. 


2.2.7  The  30“  Bend  Experiment  of  Schwarz  and  Bradshaw 


Schwarz  and  Bradshaw  (1992)  examined  the  turbulence  structure  in  a  pressure  driven  30“ 
bend  downstream  of  an  initially  2D  mean  flow.  The  experiment  focused  on  the  outer  layer  flow 
and  was  accompanied  by  an  experiment  by  Flack  and  Johnston  (1993)  in  a  water  tunnel  with  a  30° 
bend  to  examine  the  near  wall  flow.  The  flow  downstream  of  the  bend  gradually  relaxed  to  a  2D 
TBL  in  the  absence  of  a  span-wise  pressure  gradient.  This  aUowed  a  study  of  two  distinct  regions 
of  the  flow,  crossflow  development  and  crossflow  decay.  The  focus  of  this  study  was  to  examine 
the  physics  and  the  modeling  of  this  flow  field. 

The  experimental  facility  was  an  open-circuit  low-speed  blower  tunnel  with  a  762  mm  by 
762  mm  cross  sectional  working  section.  Figure  2.7  shows  the  test  section  and  the  measurement 
stations.  The  turbulence  intensity  in  the  tunnel  was  approximately  0.3%.  A  wire  (1.6  mm  in 
diameter)  was  used  to  trip  the  flow  at  the  exit  of  the  7:1  contraction  (x  =  0  mm).  To  a  first 
approximation,  the  pressure  along  the  centerline  was  constant.  Crossflow  from  the  fluid  in  the 
outside  half  of  the  tunnel  which  experienced  adverse  pressure  gradients  however  imposed  some 
stream-wise  pressure  gradient  effects  on  the  centerline.  The  Reynolds  number  based  on  length  of 
the  working  section  was  approximately  6  x  10®.  Tests  were  performed  at  a  constant  reference 
velocity  of  27  m/s  corresponding  to  a  reference  dynamic  pressure  of  1.75  inches  of  water  measured 
at  a  distance  108  mm  upstream  of  the  exit  to  the  contraction.  By  the  entrance  to  the  bend,  the 
boundary  layer  thickness  had  reached  about  30  mm  which  resulted  in  a  momentum  thickness 
Reynolds  number  of  6000.  The  tunnel  was  ran  at  room  temperature  and  atmospheric  pressure. 


The  data  acquisition  system  that  they  used  was  computer-controlled.  It  consisted  of  the 
data  transducers  and  the  traverse  mechanism.  Static  pressure  in  the  floor  was  measured  by  161 
static  pressure  taps  that  were  flush  in  the  floor  arranged  in  23  rows  of  7.  The  pressure  was 
determined  from  an  inclined  tube  manometer  to  +  1%  of  the  reading.  Surface  shear  stress  was 
indirectly  determined  by  using  a  Preston  tube  and  Patel's  calibration.  They  assumed  that  the  law- 
of-the-wall  was  valid  across  the  diameter  of  the  Preston  tube.  A  three-hole  pressure  probe  was 
used  to  explore  the  mean  velocity  field.  The  tube  was  aligned  with  the  tunnel  centerline  and  then 
the  yaw  angle  and  magnitude  of  the  mean  velocity  were  determined  by  a  polynomial  fit  to 
calibration  curves  from  the  free-stream  flow  field.  A  correction  for  wall  proximity  effects  was 
applied  to  the  near  wall  stations.  Turbulence  statistics  were  obtained  through  the  use  of  cross-wire 
hot-wire  anemometers.  Before  each  measurement  session,  the  wires  were  calibrated  in  the  free- 
stream  to  determine  a  calibration.  Turbulence  measurements  were  taken  in  the  plane  of  the  wires 
placed  at  four  different  roll  angles.  At  each  probe  position,  20,480  samples  were  obtained  at  a 
sampling  rate  of  1000  Hz.  Each  boundary  layer  traverse  contained  approximately  35  points. 
Three  mean  velocities,  six  Reynolds  stresses,  ten  triple  products,  and  the  three  normal  components 
of  the  fourth  order  products  were  obtained.  The  probe  was  placed  at  4.5  mm  away  from  the  wall 
at  its  closest  location  which  corresponded  to  y/5  >0.1.  The  hot-wire  probe  was  aligned  with  the 
mean  flow  direction  as  determined  by  the  three-hole  probe  at  each  measurement  location.  The 
surface  flow  direction  was  determined  from  an  oil-flow  visualization.  This  illustrated  that  the 
surface  flow  turned  through  an  angle  greater  than  30°  demonstrating  the  effect  of  the  span- wise 
pressure  gradient.  The  surface  flow  angles  were  then  measured  with  a  protractor  and  was 
repeatable  to  within  +  1°.  The  uncertainties  in  the  hot-wire  measurements  are  given  in  Table  2.5. a. 

They  performed  measurements  at  22  stations  along  the  centerline  of  the  duct  and  at  14 
stations  located  off  of  the  centerline  adjacent  to  7  of  the  centerline  stations.  A  graphical 
description  of  the  test  section  with  the  measurement  locations  labeled  is  shown  in  Figure  2.7.  A 
slight  favorable  axial  pressure  gradient  developed  in  the  downstream  section  due  to  the  growth  of 
the  boundary  layer.  The  span-wise  pressure  gradient  reached  its  maximum  at  about  station  10. 
The  direction  of  the  flow  near  the  wall  increased  rapidly  at  the  beginning  of  the  bend  and  continued 
to  increase  throughout  the  bend  reaching  a  maximum  value  of  20°  relative  to  the  local  tunnel 
centerline.  Downstream  of  the  bend,  the  angle  slowly  decayed  to  approximately  12°.  The 
maximum  cross  flow  occurred  at  the  end  of  the  bend  which  corresponded  to  station  12.  The 
maximum  difference  between  the  wall-stress  angle  and  the  free-stream  angle  at  this  location  was 
approximately  24°.  The  mean  V  velocity  was  determined  from  the  U  and  W  three-hole 
measurements  and  a  1/5  power  law.  It  was  determined  to  be  negligible  for  all  analysis  prior  to  the 
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calculation  of  the  transport  equations.  The  mean  velocity  profiles  normalized  on  the  edge  velocity 
magnitude  showed  a  good  collapse  from  station  to  station  which  implied  the  absence  of  a  pressure 
gradient.  Their  velocity  profiles  matched  the  law-of-the-wall  up  to  y+  ~  250.  They  determined 
several  integral  length  scales  for  all  of  the  stations.  The  boundary  layer  thickness  was  defined  as 
the  height  where  U/Ue  =  0.99.  The  boundary  layer  thickness  grew  from  20  mm  at  the  entrance  to 
the  test  section  to  about  53  mm  at  the  last  measurement  location.  Some  of  the  integral  length 
scales  are  reproduced  in  Table  2.5.b.  There  was  distinct  evidence  that  the  flow  near  the  wall  was 
effected  prior  to  the  outer  layer  fluid  in  this  experiment. 

Turbulence  characteristics  showed  that  v^  and  -m  attained  a  maximum  closest 
to  the  wall  and  then  decayed  toward  zero  as  the  edge  of  the  boundary  layer  was  approached.  These 
Reynolds  stresses  seem  to  continually  increase  until  station  12  where  they  begin  to  decrease  once 
again  to  values  comparable  to  the  upstream  ones.  All  three  normal  stresses  increased;  and 
were  directly  produced  and  the  increase  in  resulted  from  a  redistribution  of  the  former  two 
normal^tresses  by  the  pressure-rate-of-strain  terms.  The  increase  in  -uv  was  tied  to  the  increase 
in  the  normal  stress  that  is  present  in  the  production  term  for  the  -uv  stress.  The  w  and  mv 
stresses  changed  sign  at  y/6  ~  0.3-0.4  with  the  earlier  stations  changing  sign  at  the  lower  values  of 
this  range.  A  few  of  the  upstream  stations  did  not  change  sign  but  just  gradually  increased  across 
the  layer  and  then  decreased  as  the  boundary  layer  edge  is  approached,  similar  to  the  other  stations. 
The  increase  in  these  two  shear  stresses  was  much  less  than  the  previous  stresses  and  harder  to 
distinguish.  The  TKE  also  peaked  near  the  wall  and  then  decreased  towards  zero  as  the  non- 
turbulent  free-stream  was  approached.  It  also  increased  up  through  the  bend  reaching  a  maxiTnnm 
at  the  exit  of  the  bend.  A  peak  in  TKE  developed  near  y/5  =  0.3  which  persisted  into  regions  where 
the  crossflow  rapidly  decayed.  This  showed  that  the  Reynolds  averaged  structure  responded  to  the 
three-dimensionality  slower  than  the  mean  flow  for  this  experiment  and  illustrated  the  importance 
of  history  effects  and  their  proper  modeling  in  turbulence  calculations.  The  dW/dy  rate  of  strain 
that  was  added  by  the  3D  section  of  the  tunnel  provided  the  major  contribution  to  the  increased 
production  of  TKE  in  this  region.  The  profiles  of  the  -uv  stress  were  very  similar  to  the  Ix/pl 
profiles  since  it  was  the  major  contributor. 

The  stractural  turbulence  parameter  ai  was  calculated  for  each  station.  It  was  decreased 
shghtly,  in  comparison  to  the  reduction  seen  in  other  3D  TBLs,  from  the  nominal  2D  value  of  0.15. 
The  average  reduction  was  approximately  20%  for  y/6  <  0.3  and  5%  elsewhere.  They  presented 
the  hypothesis  that  part  of  the  reason  why  a  different  reduction  is  seen  from  exi)eriment  to 
expenment  w^due  t^arying  adverse  pressure  gradients.  In  the  presence  of  an  adverse  pressure 
gradient,  the  u  and  w  normal  stresses  tend  to  be  increased  near  the  wall  while  the  -uv  shear 


stress  is  not  affected  which  tends  to  decrease  the  value  of  ai.  At  the  downstream  locations,  an 
increase  in  the  value  of  ai,  beyond  0.15,  was  observed.  They  determined  that  the  shear  stresses 
developed  slower  than  the  normal  stresses  (TKE)  which  was  the  cause  for  the  reduction  in  the  ai 
structural  parameter.  They  presented  results  for  another  structural  parameter,  the  ratio  of  (m  + 

)  to  which  indicates  the  preference  for  velocity  fluctuations  in  a  plane  parallel  to  the  wall 
over  the  fluctuations  normal  to  the  wall  (see  previous  comments  on  the  Driver  and  Johnston  flow). 
This  parameter  was  largest  near  the  wall  and  decreased  slightly  as  the  boundary  layer  edge  was 
approached.  It  approached  a  value  of  2  in  the  region  beyond  the  boundary  layer  edge  which  would 
be  its  value  in  purely  isotropic  turbulence.  It  was  approximately  constant  over  the  region  0.2  <  y/6 
<  0.7  except  for  the  downstream  stations  that  saw  a  reduction  of  the  parameter  in  this  region.  An 
analysis  of  the  flow  gradient  angle  and  the  shear  stress  angle  showed  that  these  vectors  were 
initially  aligned  in  the  upstream  region  where  the  flow  was  two  dimensional  and  a  lag  of  the  shear 
stress  vector  with  respect  to  the  flow  gradient  vector  became  clear  at  station  10  in  the  flow.  The 
vectors  became  more  aligned  at  station  13,  but  lag  effects  are  still  clear  in  the  regions  of  the  flow 
closer  to  the  wall.  The  calculation  of  a  coordinate  invariant  anisotropy  factor  showed  that  this 
factor  reduced  as  low  as  0.6  in  the  crossflow  development  region  and  then  recovered  towards  a 
value  of  unity  downstream.  They  report  values  of  this  parameter  for  various  other  flows.  They 
reported  that  in  some  experiments,  it  can  be  as  large  as  1.6  and  in  others  as  small  as  0.1.  This 
experiment  ranged  similar  to  the  experiment  of  Littell  and  Eaton  (1991)  from  0.6-1. 2.  This 
parameter  does  not  appear  to  maintain  a  constant  value  over  any  region  of  this  flow  or  exhibit  a 
definite  functional  dependence. 

They  calculated  and  presented  an  anisotropy  invariant  map.  This  was  established  by 
expressing  the  anisotropy  tensor  in  principal  coordinates  and  then  applying  the  desired  turbulence 
conditions  (Schwarz  and  Bradshaw,  1992).  This  showed  that  in  the  2D  region,  the  anisotropy  was 
greatest  near  the  wall  and  then  approached  an  isotropic  state  as  the  free-stream  was  approached. 
This  trend  was  also  seen  in  the  3D  region  of  this  flow. 

They  measured  the  triple  products  to  compare  the  terms  in  the  Reynolds  stress  transport 
equations.  The  u^v  and  uv^  triple  products  show  similar  behavior  but  are  nearly  opposite  in  sign. 
The  and  vw^  triple  products  are  smaller  than  but  similar  to  the  u^w  and  uw^  triple  product. 
The  terms  appearing  in  the  stress  transport  equations  are  uv^  and  v^w.  The  v^w  product  has 
more  error  involved  due  to  the  small  magnimde  of  its  products  as  well  as  error  induced  by  the  two 
roll  angles  of  the  probe  that  were  necessary  to  determine  this  product. 

They  also  calculated  several  vertical  transport  velocities  that  implied  the  effect  of  the 
turbulence  in  transporting  the  specific  quantity  in  the  normal  to  wall  (y)  direction.  The  first  of 


these  represented  the  transport  of  TKE  by  the  turbulence  (equation  2.1).  As  5  is  reached,  both  the 
top  and  bottom  of  this  ratio  approach  zero  causing  an  increase  in  the  uncertainty  of  this  parameter 
in  that  region  of  the  flow.  The  results  for  the  upstream  sections  show  that  the  TKE  near  the  wall  is 
transported  upward  by  the  turbulence.  In  the  bend  section  of  the  flow,  TKE  was  transported 
towards  the  wall  in  the  near  wall  regions  and  in  the  outer  layer,  the  transport  away  from  the  wall 
was  increased  with  respect  to  the  values  seen  upstream.  This  transport  velocity  maintained  a  linear 
region  between  0.2  <  y/6  <  0.7  but  the  slope  varied  from  station  to  station.  They  formulated  a 
transport  velocity  for  the  three  Reynolds  shear  stresses  as  well  (i.e.  Vuv  =  uv^ t  uv...).  The  Vuv 
velocity  maintains  significant  correlation  from  station  to  station  in  the  region  0.3  (0.4  for  the 
downstream  stations)  <  y/5  <  1.0  and  is  approximately  a  linear  function  of  y/5.  The  Vyw  transport 
velocity  is  scattered  as  is  the  Vuw  velocity.  The  Vuw  velocity  becomes  negative  at  y/8  <  0.3-0.4  and 
is  highly  scattered  in  the  region  closer  to  the  wall.  The  flatness  and  skewness  (of  v)  are  seen  to 
collapse  well  when  non-dimensionalized  on  the  boundary  layer  thickness.  The  flatness  maintains  a 
constant  value  near  3  from  y/8  =  0.6  down  to  the  closest  measurement  location  to  the  wall.  This 
indicates  a  gaussian  distribution  of  the  fluctuating  v  velocity  component.  The  region  above  y/8  = 
0.6  was  suspected  to  be  affected  by  the  intermittancy  of  the  boundary  layer  edge. 

They  evaluated  the  various  terms  of  the  turbulent  transport  equations.  For  the  TKE 
transport  equation,  they  combined  the  contribution  of  the  pressure  fluctuations  to  the  diffusion  term 
with  the  dissipation  term  and  calculated  it  as  the  difference  of  the  rest  of  the  terms  from  unity.  For 
the  stress  transport  equations,  see  their  discussion  in  chapter  five  of  Schwarz  and  Bradshaw  (1992) 
since  it  is  too  lengthy  to  describe  here.  For  TKE,  the  production  and  dissipation  were  nearly  equal 
in  the  inner  layer  of  the  upstream  stations  and  production  was  largest  near  the  wall.  A  major 
difference  between  the  2D  and  3D  stations  was  the  increased  importance  of  the  advection  and 
turbulent  transport  terms.  They  also  discussed  the  transport  equations  for  the  three  normal  stresses 
which  will  not  be  discussed  here.  The  transport  of  -uv  stress  showed  that  the  production  was  the 
dominant  term  and  the  advection  and  turbulent  transport  terms  became  more  significant  in  the  3D 
regions  of  the  flow.  The  -vw  transport  equation  revealed  a  net  destruction  of  this  stress  due  to  the 
right  hand  turning  of  the  flow.  The  production  (destmction)  term  was  again  seen  to  be  dominant 
with  the  pressure-strain  redistribution  term  offsetting  it.  The  main  changes  to  the  turbulence 
transport  due  to  the  imposition  of  the  span-wise  pressure  gradient  were  the  increased  production 
and  dissipation  accompanied  by  a  greater  turbulent  diffusion.  The  largest  effects  were  seen  in  the  - 
vw  and  -uw  stress  transport. 


2.2.8  Ellipsoid  Cylinder  Experiment  of  Barberis  and  Molton 


Barberis  and  Molton  (1993)  studied  the  separated  flow  over  a  half  axisymmetric  prolate 
ellipsoid  with  a  cylindrical  extension  that  terminated  in  a  flat  base  oriented  at  45°  to  the 
longitudinal  model  axis.  The  major  axis  of  the  ellipsoid  was  800  mm  and  the  minor  axis  was  200 
mm.  The  length  of  the  model  was  1600  mm  along  the  center  of  the  model,  longitudinal  body  axis 
(figure  2.8).  They  performed  an  extensive  study  of  the  flow  over  this  body  at  several  different 
angles  of  attack  (0°,  10°,  20°,  25°,  30°,  35°,  and  40°)  and  several  different  tunnel  velocities  (10  m/s- 
90  m/s).  The  data  represented  within  this  report  are  for  an  upstream  velocity  of  50  m/s  at  20° 
angle  of  attack.  This  corresponded  to  a  Reynolds  number  based  on  model  length  of  5.6  x  10^. 

They  focused  their  study  on  the  boundary  layer  evolution  in  the  regions  of  separation  and 
on  the  evolution  of  a  detached  primary  vortex.  They  employed  several  different  techniques  to 
detail  this  flow.  They  performed  surface  flow  visualizations,  surface  pressure  measurements, 
three-hole  pressure  probe  measurements  in  the  boundary  layer,  and  three-component  LDV 
measurements.  Preliminary  flow  visualizations  in  a  water  tunnel  were  performed  to  determine  the 
optimum  shape  and  dimensions  for  the  experiment.  Two  separate  models  were  constmcted  to 
facilitate  the  tests.  One  was  used  for  the  pressure  measurements  (both  surface  and  flow  field)  and 
the  other  was  used  for  oil-flow  visualizations  and  LDV  measurements.  The  model  used  for 
pressure  measurements  had  a  line  of  46  surface  pressure  holes  located  along  a  meridian  line  and 
had  an  internal  traversing  mechanism  for  the  three-hole  "cobra"  pressure  probes  (figure  2.8.b). 
With  this  model,  the  whole  section  could  be  rotated  to  measure  the  pressure  at  several 
circumferential  angles  and  the  three-hole  probe  could  be  traversed  in  a  plane  tangent  to  the  body. 
The  other  model  was  solid  and  the  LDV  system  was  external  to  the  model.  They  defined  a  body 
axis  that  began  at  the  nose  of  the  model  and  pointed  rearward  along  the  centerline  of  the  model 
(XGi),  the  other  two  axes  were  in  a  plane  orthogonal  to  this  longitudinal  axis  (figure  2.8.c).  (The 
parameters  calculated  for  the  current  study  take  the  origin  of  the  X-axis  at  the  nose  of  the  body 
with  positive  x  pointing  towards  the  aft  end  of  the  model).  The  three-hole  probes  were  able  to 
determine  the  local  stagnation  pressure  and  the  local  velocity  vector  in  the  plane  parallel  to  the 
surface  of  the  body  at  that  location.  The  probe  was  not  able  to  determine  the  component  of 
velocity  that  was  normal  to  the  wall  (assuming  that  is  small  in  comparison  to  the  U  and  W 
velocities).  They  used  a  three  color  (Green  514.5  nm.  Blue  488  nm,  and  violet  476.5  nm)  three 
component  LDV  system  which  was  able  to  make  measurements  in  both  forward  and  backward 
scatter  modes  of  operation.  It  produced  a  probe  volume  of  350  |a.m  with  a  fringe  distance  of  15 


Jim.  Two  beams  of  each  color  were  used  where  one  beam  was  Bragg  shifted  to  determine  the 
direction  of  the  measured  velocity  component. 

The  pressure  measurements  were  made  over  as  much  of  the  body  as  possible  in  1" 
circumferential  increments  (figure  2.8.b).  Use  of  the  three-hole  probe  was  limited  up  to  the  region 
where  the  vortex  was  beginning  to  develop  (due  to  the  growth  of  large  V  velocities).  Operation  of 
the  LDV  system  in  the  forward  scatter  mode  was  limited  to  the  vertical  plane  of  symmetry  of  the 
model  (darkest  region  in  Figure  2.8.b).  Measurements  near  the  wall  were  more  difficult  in 
backscatter  mode  due  to  the  lower  signal  to  noise  ratio  from  the  reduction  in  light  intensity 
reflected  from  the  particles  and  the  reflection  of  laser  light  from  the  surface  of  the  model  when  the 
probe  volume  was  positioned  close  to  the  waU.  The  backscatter  mode  was  only  used  in  the 
downstream  investigation  where  the  vortex  was  clearly  detached.  The  LDV  system  determined 
three  mean  velocities  and  all  six  components  of  the  Reynolds  stress  tensor.  No  triple  product  data 
were  supplied  for  this  data  set.  Also,  there  was  no  information  on  the  wall  skin  friction  presented. 

Near  the  nose  of  the  model,  a  separation  was  observed  that  caused  a  sudden  transition  of 
the  flow  from  laminar  to  turbulent.  The  surface  flow  patterns  between  the  two  angles  of  attack  are 
similar  (figure  2.8. d).  It  was  noted  that  the  secondary  separation  line  formed  closer  to  the  leeward 
plane  at  30  compared  to  the  20“  case.  The  surface  pressure  distributions  were  different  between 
the  two  angles  of  attack.  The  vortex  at  30“  was  determined  to  be  more  intense  than  at  20“.  The 
separation  lines  can  bee  seen  on  the  oil  flow  visualizations.  For  the  forward  scatter  mode  they 
performed  eleven  cross  sections  in  planes  normal  to  the  longitudinal  axis.  In  each  cross  section, 
boundary  layer  traverses  were  performed  at  five  circumferential  angles  (<[)  =  190“,  180“,  175“  170“, 
and  165“).  They  saw  two  regions  of  the  flow,  where  the  flow  converged  towards  the  plane  of 
symmetry  in  the  outer  zone  and  where  the  flow  diverged  away  from  the  plane  of  symmetry  in  an 
inner  zone.  They  are  separated  by  the  location  where  the  mean  normal  velocity,  V,  is  zero.  They 
observed  a  second  peak  in  the  -uv  turbulent  shear  stress  profiles  not  typically  seen  in  TBLs 
(however  this  phenomena  was  observed  in  Ol9men  and  Simpson,  1995).  They  presented  a 
comparison  between  the  flow  gradient  angle  and  the  shear  stress  angle  for  (j)  =  170“.  The  two 
vectors  were  aligned,  to  within  the  measurement  uncertainties,  up  to  XG^  =  800  mm  where  they 
began  to  illustrate  the  anisotropy  of  the  flow  in  this  region. 


2.2.9  6:1  Prolate  Spheroid  Experiment  of  Kreplin  and  Stager 

Kreplin  and  Stager  (1993)  investigated  the  turbulent  flow  about  a  6:1  prolate  spheroid 
oriented  at  angles  of  attack  ranging  from  0“  to  30°  for  various  Reynolds  numbers.  The  data  used 
here  is  for  a  10°  angle  of  attack  with  a  30  m/s  free-stream  velocity  and  transition  to  turbulent  flow 
fixed  at  x/L  =  0.2.  The  model  and  streamlines  are  indicated  in  Figure  2.9.  The  model  was  2.4  m 
in  length  with  the  probe  traversing  mechanism  mounted  within  the  model  such  that  the 
instrumentation  could  be  rotated  with  the  model.  The  Reynolds  number  based  on  model  length  was 
4.8  X  10^.  They  measured  surface  pressures,  local  wall  shear  stresses,  mean  velocities  with  three- 
hole  pressure  probes,  and  turbulence  data  with  hot-wire  probes. 

The  hot-wire  data  were  obtained  at  four  separate  planes  normal  to  the  longitudinal  axis  of 
the  body  (x/L  =  0.48,  0.56,  0.64,  0.73)  and  at  eleven  circumferential  angles  (([)  =  0°,  30°,  60°,  90°, 
120°,  130°,  140°,  150°,  160°,  170°,  and  180°).  They  employed  a  four  sensor  hot-wire  probe  of  the 
Kovasznay  type  to  determine  three  mean  velocities,  six  Reynolds  stresses,  and  all  ten  triple 
products.  The  effective  measuring  volume  for  hot-wires  in  this  configuration  was  about  1  mm^. 
They  made  no  corrections  to  compensate  for  velocity  gradients  across  the  measurement  volume 
during  the  measurements;  however  Pompeo  (1992)  determined  these  gradients  to  be  the  major 
source  of  error  in  a  four-wire  hot-wire  scheme.  The  mean  velocities  were  corrected  later  for  errors 
associated  with  mean  velocity  gradients.  A  test  of  the  four  sensor  probe  in  a  classical  flat  plate 
boundary  layer  illustrated  good  agreement  with  the  data  of  Klebanoff  (1954)  for  the  normal 
stresses  and  the  -uv  stress.  However  the  uw  and  vw  stresses  were  slightly  different  from  zero. 
Data  from  the  3D  case  in  the  plane  of  symmetry  also  indicated  non-zero  uw  and  vw  shear 
stresses.  In  the  3D  flow  near  the  wall  they  measured  comparably  large  values  of  the  vw  shear 
stress  and  state  that  those  values  should  be  disregarded  due  to  the  large  velocity  gradients  in  the 
near  wall  region  of  the  flow.  The  data  sampling  rate  was  1  kHz  taken  over  an  elapsed  time  of  16 
seconds  for  each  probe  position. 

They  note  that  the  streamlines  converged  on  the  lee  side  of  the  model  causing  a  growth  in 
the  boundary  layer  thickness.  They  detailed  the  region  where  the  flow  separates  from  the  body  and 
a  flow  reversal  occius  with  respect  to  the  meridian  lines.  They  also  noted  the  development  of  a 
vortical  stmcture  within  the  boundary  layer  within  the  four  measured  planes.  They  did  not  see  the 
development  of  a  second  peak  in  the  -uv  turbulent  shear  stresses  as  pronounced  as  Molton  (1993) 
did  over  their  ellipsoid-cylinder  model.  This  may  be  due  to  the  difference  in  model  geometry  in  the 
aft  region  of  the  particular  bodies.  This  data  did  indicate  an  increase  in  the  u^  and  w^  normal 
stresses  which  is  expected  in  a  flow  with  adverse  pressure  gradients. 
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They  present  plots  for  =  120°,  130°,  140^,  150°,  160°,  and  180°  of  the  flow  gradient 
angle  and  shear  stress  angle  as  functions  of  y/6.  The  plots  indicate  that  the  shear  stress  vector  lags 
the  flow  gradient  vector.  As  the  wall  is  approached,  the  angles  approach  each  other.  They  also 
show  that  N  is  less  than  one  indicating  the  flows  anisotropy.  The  data  describe  no  observable  trend 
from  station  to  station  in  N,  however  the  values  tend  to  decrease  more  as  the  leeward  plane  of 
symmetry  is  approached.  The  mixing  length  tended  to  converge  to  the  expected  2D  value  (4n=  0.41 

y)  as  the  wall  was  approached  but  was  reduced  from  the  2D  value  (0.098)  by  25%-50%  in  the 
outer  region  of  the  flow.  The  ai  structural  parameter  was  also  shown  to  be  less  than  the  2D  value 
of  0.15.  The  decrease  illustrates  no  trend  and  tends  to  illustrate  scattered  values,  however  the 
values  closer  to  the  wall  are  greater  than  those  away  from  the  wall. 


2.2.10  6:1  Prolate  Spheroid  Experiment  of  Chesnakas  and  Simpson 

Chesnakas  and  Simpson  (1994)  studied  the  three-dimensional  turbulent  boundary  layer 
about  a  6:1  prolate  spheroid  at  a  10°  angle  of  attack  (figure  2.10.a).  The  objective  of  this  study 
was  to  determine  the  complete  velocity  vector,  the  Reynolds  stress  tensor,  and  triple  products 
throughout  the  boundary  layer  and  in  the  cross-flow  separation  region  on  the  model.  The  model 
was  1.37  m  long  and  could  be  rotated  circumferentially  about  a  sting  located  at  the  aft  end  of  the 
model.  The  experiments  were  conducted  at  a  nominal  free-stream  velocity  of  50  m/s  which 
resulted  in  a  Reynolds  number  based  on  length  of  4.2  x  10^.  The  turbulence  intensity  in  the  wind 
tunnel  was  on  the  order  of  0.05%.  The  flow  was  tripped  at  x/L  =  0.2  to  stabilize  the  location  of 
the  transition  from  laminar  to  turbulent  flow. 

The  measurements  for  this  particular  study  were  performed  with  a  two  color  (green  514.5 
nm  and  blue  488.0  nm)  three-velocity-component  LDV  system.  Two  of  the  green  beams  are  Bragg 
shifted  at  different  frequencies  (-27  MHz  and  40  MHz)  and  one  blue  beam  is  Bragg  shifted  (40 
MHz)  in  order  to  determine  the  direction  of  the  particle  passing  through  the  probe  volume.  The 
transmission  and  collection  optics  were  mounted  within  the  model  to  a  traverse  that  moved  (±  2.5 
cm)  in  a  radial  direction  orthogonal  to  the  longitudinal  body  axis  (figure  2.10.b).  A  thin  Plexiglas 
window  was  installed  flush  with  the  surface  skin  of  the  model  through  which  the  measurements 
were  made  such  that  the  flow  was  virtually  undisturbed  by  the  instrumentation.  This  configuration 
allowed  accurate  measurements  from  the  boundary  layer  edge  down  to  y+  ~  7.  The  five  beams 
intersect  in  a  probe  volume  that  is  55  pm  in  diameter  with  a  5  pm  fringe  spacing.  The  from 
the  three  individual  velocity  signals  was  obtained  in  coincidence  mode.  The  data  rate  varied  from 
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30  samples/second  near  the  wall  to  150  samples/second  at  the  edge  of  the  boundary  layer  and 
16,384  samples  were  obtained  at  each  point. 

Data  were  obtained  at  five  axial  locations;  x/L  =  0.4,  0.6,  0.752,  0.762,  0.772.  For  x/L  = 
0.4  and  0.6,  boundary  layer  profiles  were  obtained  starting  at  0.01  cm  from  the  surface  out  to  2.5 
cm  for  <|)  =  90°  to  180°  in  10°  increments.  At  x/L  of  0.752  and  0.762,  profiles  were  taken  at  <|)  = 
120°,  123°,  and  125°.  At  x/L  =  0.772,'  profiles  were  taken  at  <|)  =  105°  to  130°  in  5°  increments. 
An  earlier  study  determined  that  the  primary  separation  at  x/L  =  0.772  was  located  at  (j)  =  123°. 
The  focus  of  this  study  was  to  make  detailed  measurements  about  this  location.  A  previous  study 
determined  the  wall  flow  angles  through  an  oil  flow  visualization. 

The  uncertainty  in  the  normal  Reynolds  stresses  was  estimated  to  be  ±  2%  of  Uii  and  in  the 
shear  stresses  to  be  ±  3%  of  (uiUi  *  ujuj  +  2  [uiUj]^)*^.  The  uncertainty  in  the  location  of  the 
measurement  volume  m  the  radial  direction  was  ±  10  |a,m.  To  obtain  data  for  different 
circumferential  locations,  the  entire  model  was  rotated  at  the  sting  to  within  +  1°.  Measurements 
were  corrected  for  gradient  broadening  effects  and  velocity  bias.  The  skin  friction  was  calculated, 
assuming  a  collateral  wall  region  existed,  by  using  points  in  the  collateral  wall  region  in  Spalding's 
wall  law.  This  wall  law  was  also  used  to  determine  the  error  in  the  initial  position  of  the  probe 
volume  with  respect  to  the  wall.  The  boundary  layer  thickness  was  calculated  as  the  point  where 
U(y)  became  99%  of  the  maximum  value  in  the  profile.  They  stated  a  10%  uncertainty  in  the  value 
of  5  due  to  the  difficulty  in  determining  an  edge  velocity.  It  should  be  used  only  as  a  reference  due 
to  the  high  uncertainty. 

There  is  no  reverse  flow  in  this  experiment  as  was  seen  in  the  experiment  of  Stager  (1993) 
which  was  performed  under  similar  conditions.  They  did  not  observe  the  second  peak  in  -u7  stress 
away  from  the  wall  as  reported  in  Molton  (1993).  They  observed  the  differences  in  the  flow 
gradient  angle,  the  shear  stress  angle,  and  the  flow  angle.  The  shear  stress  vector  lagged  the  flow 
gradient  angle  for  this  flow.  This  was  tme  for  then  entire  boundary  layer  even  down  to  the  wall 
where  the  flow  gradient  angle  approaches  the  flow  angle.  They  noted  the  reduction  in  the  ai 
stractural  parameter  and  present  an  attempt  to  correlate  the  three-dimensionality  to  the  reduction. 
This  correlation  was  examined  as  part  of  the  current  study  with  other  data  sets  and  will  be 
discussed  in  the  results  section. 
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2.2.11  The  Wing-Body  Junction  Experiment  of  Oilmen  and  Simpson 

Ol9men  and  Simpson  (1995)  performed  an  experiment  on  a  3D  pressure  driven  TBL  that 
was  created  by  a  3;2  elliptical-nose  NACA  0020  tail  wing  mounted  perpendicularly  to  a  flat  plate. 
The  experimental  stations  were  located  along  a  line  following  the  direction  of  the  mean  velocity 
vector  component  parallel  to  the  wall  at  a  y  location  where  the  normal  stress  attained  a 
maximum.  The  flow  along  this  line  was  influenced  by  a  strong  crossflow  pressure  gradient  that 
changed  sign  for  the  downstream  stations.  The  first  station  was  chosen  to  be  a  sufficient  distance 
from  the  horse  shoe  vortex  such  that  the  governing  equations  were  not  violated  but  to  maintain  the 
maximum  amount  of  span-wise  pressure  gradient.  The  upstream  stations  were  then  determined  as 
discussed  above.  The  study  was  focused  on  obtaining  accurate  near-wall  data  (y*"  >  3)  and  the 
determination  of  the  triple  velocity  products  for  use  with  Reynolds  stress  transport  equation 
models.  The  main  goal  of  the  study  was  the  investigation  of  the  flow  features  along  the  x-z  path 
described  above. 

The  experiment  was  performed  in  the  Virginia  Tech  Aerospace  and  Ocean  Engineering 
Department  low  speed  boundary  layer  tunnel.  The  inlet  boundary  layer  flow  was  tripped  by  a  0.63 
cm  blunt  leading  edge  (the  tunnel  floor)  to  insure  that  the  flow  was  turbulent  downstream  of  the 
inlet.  The  test  section  was  designed  such  that  any  blockage  induced  pressure  gradients  around  the 
wing  were  minimized.  The  model,  described  above,  had  a  chord  length  of  30.5  cm  and  a  maximum 
thickness  of  7.17  cm.  The  nominal  reference  velocity  was  27.5  m/s  and  the  Reynolds  number 
based  on  momentum  thickness  was  5940  at  a  location  on  the  tunnel  centerline  0.75  chord  lengths 
upstream  of  the  nose  of  the  model.  The  boundaiy  conditions  and  upstream  boundary  layer 
characteristics  were  established  at  this  location.  The  turbulence  intensity  in  the  tunnel  free-stream 
was  0.1%.  The  potential  core  was  uniform  to  within  0.5%  in  the  span-wise  direction  and  1%  in  the 
vertical  direction.  The  tunnel  test  section  was  8  m  in  length  and  0.91  m  in  width.  All  tests  were 
conducted  at  an  ambient  temperature  of  25  ±  1.0”  C.  The  model,  experimental  test  stations,  and 
the  surface  flow  structure  are  detailed  in  Figure  2.1 1. a.  The  stations  used  in  this  study  are  located 
on  the  starboard  side  of  the  model  and  were  obtained  with  the  LDV  system  described  below. 

The  experiment  determined  time-mean  static  pressure,  skin  friction  magnitude,  three  mean 
velocities,  six  Reynolds  stresses,  and  ten  turbulent  triple  products.  The  skin  friction  magnitude 
was  determined  by  a  separate  study  by  using  an  oil-flow  skin-friction  interferometry  technique 
where  the  oil  thickness  was  less  than  100  |xm  at  the  time  of  the  measurements.  The  wall  shear 
stress  direction  is  inferred  from  the  LDV  measured  mean  flow  vector  nearest  the  wall.  The 
pressure  measurements  were  made  on  the  wall  with  a  J-  type  Scanivalve  and  conventional  inclined 


manometers.  The  stagnation  and  reference  static  pressures  were  measured  with  a  Pitot-static  tube 
located  1.55  m  downstream  of  the  tunnel  entrance.  A  single  hot-wire  technique  was  employed  to 
determine  the  path  of  maximum  normal  stress  and  to  compare  results  with  the  LDV  data  obtained. 
The  hot-wire  was  primarily  used  on  the  port  side  of  the  model  and  was  able  to  determine  U,  W,  , 
,  and  -MW  and  assumed  that  the  V-components  were  negligible.  This  assumption  was 
determined  to  hold  away  from  the  primary  horse  shoe  vortex. 

The  main  measurements  were  made  with  a  three-velocity-component  LDV  system  that  was 
a  subsystem  of  a  five  component  LDV  system.  It  used  two  colors  (green,  514.5  nm,  and  blue, 
488.0  nm)  and  three  Bragg  shifts  to  distinguish  the  three  velocity  components  and  the  direction  of 
the  particle  through  the  probe  volume.  The  green  beams  were  shifted  by  0,  -50,  and  30  MHz  and 
the  blue  beams  were  shifted  by  0  and  -50  MHz.  The  resulting  fringe  spacing  was  4.73  lim  for  the 
green  beams  and  4.8  |Lim  for  the  blue  beams.  The  transmitting  optics  were  positioned  below  a  glass 
floor  such  that  the  three  probe  volumes  overlapped  and  measured  three  mutually  orthogonal 
velocity  components.  The  transmitting  and  receiving  optics  were  mounted  on  an  actuator  that 
translated  the  entire  system  normal  to  the  wall.  The  overlap  of  the  five  transmitting  beams  and  the 
focus  of  the  receiving  optics  resulted  in  a  probe  volume  that  was  approximately  30  p.m  in  diameter. 
Micron-sized  light  scattering  particles  were  injected  at  the  entrance  of  the  tunnel  just  prior  to  the 
trip.  Data  were  acquired  in  coincidence  mode  at  validation  ratios  of  95%  or  greater  which  helped 
to  minimize  the  noise.  At  each  measurement  point,  30,000  samples  were  acquired  at  rates  that 
varied  from  50  samples/second  near  the  wall  to  200-400  samples/second  away  from  it.  The  data 
were  corrected  for  velocity-bias  and  gradient-broadening. 

The  flow  about  the  wing  was  determined  to  be  synunetrical  by  consideration  of  the  wall 
pressure  measurements,  the  oil-flow  visualization,  and  the  hot-wire  measurements  made  on  both 
sides  of  the  wing.  The  LDV  data  were  taken  at  seven  stations  on  the  starboard  side  of  the  wing  as 
shown  in  Figure  2.1  La  and  information  on  these  stations  is  given  in  Table  2.6.  The  LDV  data  was 
presented  in  local  free-stream  coordinates  and  other  coordinate  systems  were  compared  and 
contrasted  for  several  other  flow  parameters  that  were  investigated.  The  free-stream  direction  was 
taken  as  the  point  in  each  profile  that  was  farthest  away  from  the  wall  in  the  potential  core  of  the 
tunnel.  The  uncertainty  in  the  mean  velocities  normalized  on  Uref  were  ±  0.003,  ±  0.001,  and  ± 
0.002  for  U/Uref,  V/Uref,  and  W/Uref  respectively.  For  the  fluctuating  velocity  components,  u'/Ujef 
had  an  uncertainty  of  ±  0.001,  v'/Uref  had  an  uncertainty  of  ±  0.0009  except  nearest  the  wall,  and 
the  w'/Uref  uncertainty  was  ±  0.0008.  For  the  Reynolds  shear  stresses,  -uvIVP-ttf  had  an 
uncertainty  of  ±  0.00008,  -vw/lP^f  had  an  uncertainty  of  ±  0.00002,  and  the  uncertainty  in  the  - 
Mw/LPref  Stress  was  ±  0.00004. 


They  examined  several  parameters  to  determine  the  Reynolds  averaged  flow  structure  and 
anisotropy  of  the  flow  field.  Table  5  in  01§men  and  Simpson  (1995)  gives  several  integral  length 
scales  and  their  definitions  for  the  seven  LDV  stations.  Comparisons  of  the  flow  angle  (FA),  flow 
gradient  angle  (FGA),  and  the  shear  stress  angle  (SSA)  illustrate  the  development  of  the  stress  and 
rate  of  strain  field.  The  SSA  lagged  the  FGA  for  this  flow  illustrating  that  the  stresses  reacted 
slower  to  the  imposed  three-dimensional  changes  than  the  rate-of-strain  field.  Uncertainties  in  the 
FA,  FGA,  and  SSA  were  +  0.25°,  +  1°,  and  +  2.6°  respectively.  The  flow  angle  showed  wall 
collateral  regions  for  y+  <  10.  The  maximum  flow  angle  occurred  near  station  four  where  the 
lateral  pressure  gradient  changes  sign  and  then  decreased  to  the  point  where  the  free-stream  angle 
was  similar  to  the  wall-stress  angle.  At  all  stations,  the  FGA  approached  the  FA  below  y'*'  of  10  as 
is  expected  for  a  wall  collateral  region. 

The  anisotropy  factor,  N,  was  evaluated  for  this  flow  in  a  number  of  different  coordinate 
systems.  In  general,  they  reported  N  to  decrease  and  even  to  assume  negative  values.  In  a  search 
for  regions  and  a  coordinate  system  where  N  was  a  constant,  they  report  that  the  normal  stress 
coordinate  system  appeared  to  correlate  the  values  better  away  from  the  wall  and  the  wall  stress 
coordinate  system  to  produce  more  constant  values  of  N  near  the  wall.  Data  from  other  data  sets 
was  employed  to  determine  the  best  coordinate  system  in  which  to  represent  N.  They  recommend 
that  the  wall  stress  coordinate  system  be  used  and  that  it  produces  a  value  of  N  that  is 
approximately  constant  at  0.6. 

They  calculated  the  mixing  length  and  compared  it  to  a  model  equation  of  Cebeci  and 
Smith.  The  experimental  data  falls  below  the  model  values  as  was  seen  in  the  other  3D  TBL 
experiments.  However  for  this  experiment,  the  outer  layer  did  not  decrease  as  much  from  the 
accepted  2D  value  of  0.95  as  seen  in  the  previous  experiments  and  the  stations  appeared  fairly  well 
correlated.  The  TKE  when  normalized  on  U^ref  was  seen  to  increase  to  almost  twice  its  upstream 
value  for  stations  5,  6,  and  7.  This  was  seen  to  be  caused  by  increases  in  the  stress.  From  80 
<  y+  <  300,  a  region  existed  where  the  value  of  TKE  was  approximately  constant  for  all  of  the 
stations.  The  stractural  parameter  ai  was  investigated  and  seen  to  decrease  from  the  typical  2D 
value  of  0.15  which  indicated  a  reduction  in  the  shear  stress.  Nearest  the  wall,  this  reduction  was 
more  severe  as  ai  appeared  to  approach  zero.  There  appears  to  be  little  correlation  for  aj  from 
station  to  station  above  y+  >  20. 

They  present  a  new  parameter  to  aid  in  the  search  for  turbulence  models  for  complex 
turbulent  shear  flows.  This  is  the  ratio  of  the  normal  stress  to  the  magnitude  of  the  shear 
stresses  in  a  plane  parallel  to  the  wall,  Ix/pl.  This  parameter  is  invariant  to  coordinate  system 
rotation  about  an  axis  that  is  normal  to  the  wall.  Near  the  wall,  /Ix/pl  (defined  to  be  S,  Simpson, 
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1995)  must  be  zero  and  vary  linearly  as  a  fimction  of  y  to  satisfy  the  fluctuating  mass  continuity 
equation  (Rotta,  1962).  This  parameter  was  determined  to  be  approximately  constant  for  each 
station  at  a  value  of  approximately  2  in  the  region  from  y+  >  100  to  the  outer  layer.  Below  y+  ~ 
100,  S  decreases  towards  zero.  In  the  outer  layer,  the  inverse  of  the  above  ratio  or  1/S  =  x/p/  , 
should  approach  zero  due  to  the  lack  of  production  of  shear  stress  by  the  irrotational  free-stream 
fluctuations.  They  also  present  values  of  this  parameter  for  other  data  sets  (see  Figure  13  of 
Ol9men  and  Simpson,  1995,  for  a  description  of  particular  experiments  and  stations)  which 
illustrated  an  average  value  of  1.6  for  S  in  the  region  mentioned  above  and  constant  for  any  given 
station.  The  analysis  also  determined  that  1/S  was  approximately  0.6  and  constant  for  these 
experiments. 

The  ratio  of  the  -vw  stress  to  the  -uw  stress  was  determined  to  act  as  a  function  of  y"*^  near 
the  wall  in  wall  stress  coordinates.  Ihey  claimed  that  the  ratio  varies  in  a  semi-logarithmic  fashion 
up  to  y+  =  500.  The  slope  of  this  region  was  reported  to  differ  from  flow  to  flow  but  always 
approximates  a  constant. 

The  ratio  of  the  rate  of  production  of  -vw  shear  stress  to  the  rate  of  production  of  - 
uw  shear  stress  was  nearly  constant  over  a  range  of  y  for  a  given  station.  The  ratio  was  derived  to 
be; 
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which  reduces  to; 
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for  2D  flows.  This  was  seen  to  be  similar  to  the  S  parameter,  the  difference  being  the  -vw  shear 
stress  in  the  magnitude  of  the  shear  stresses  term.  For  several  different  flows,  they  illustrated  that 
C  maintained  a  constant  value  over  100  <  y+  <  1000  for  a  given  station.  Many  of  the  stations 
seemed  to  be  near  a  value  of -1. 

They  ejqrressed  the  concern  diat  even  though  the  -mw  shear  stress  is  neglected  in  the 
Reynolds-averaged  Navier-Stokes  equations  with  the  boundary-layer  approximations,  it  reaches 
values  that  can  be  twice  as  large  as  -mv  and  may  be  important.  Ihey  determined  that  the  overly 
of  the  inner-region  and  the  outer-region  scaling  became  less  valid  in  diis  3D  TBL  and  that  the 


semi-logarithmic  law-of-the-wall  did  not  hold.  An  essential  difference  between  this  flow  and  other 
existing  pressure  driven  TBL  experiments  is  the  sudden  reversal  of  the  span- wise  pressure 
gradient.  This  caused  an  increase  in  the  normal  stress  and  a  sign  change  in  the  -vw  and  -uw 
shear  stresses.  They  recommended  that  the  wall  stress  coordinate  system  best  illustrated  the 
physics  of  the  flow. 


2.3  Summary  and  Observations  on  the  Current  State  of  Experimental  Data 

The  data  sets  that  were  examined  in  this  study  support  the  general  consensus  that  3D 
TBLs  can  not  be  effectively  modeled  by  the  adaptation  of  existing  2D  turbulence  models  to  the  3D 
cases.  This  is  supported  by  the  fact  that  the  flow  is  anisotropic  in  regards  to  the  turbulent  eddy 
viscosity  modeling  concept.  The  physics  governing  the  3D  flow  field  show  signs  that  it  differs 
from  the  2D  cases.  This  is  evident  in  the  behavior  of  the  Reynolds  stress  magnitude,  the  TKE,  and 
the  lag  of  the  turbulence  field  with  respect  to  the  mean  flow  field.  Littell  and  Eaton  (1991) 
performed  two  point  correlations  and  compared  to  the  observations  of  Robinson  (1991)  on  the 
coherent  structures  found  in  the  flow  field.  The  coherent  structures  were  determined  to  differ, 
however  they  described  how  the  structures  of  Robinson  may  be  modified  to  include  the  presence  of 
span-wise  shear.  This  illustrates  that  the  basic  structures  seen  in  2D  flows  are  modified  with  the 
addition  of  a  span-wise  shear. 

Analysis  of  the  turbulence  field  for  the  several  cases  provides  evidence  of  the  change  in  the 
physics  of  3D  flow  when  compared  to  2D  flow.  There  is  a  redistribution  of  the  Reynolds  stresses 
in  3D  flows.  The  normal  stresses  tend  to  maintain  the  same  ratios  with  respect  to  each  other  when 
viewed  in  a  local  free-stream  coordinate  system.  However,  the  production  of  the  TKE  is  different 
near  the  wall  where  the  skewed  flow  is  adding  to  its  generation  and  the  pressure-rate-of-strain 
terms  are  modifying  its  diffusion  into  other  regions  of  the  flow.  The  Reynolds  shear  stresses  are 
seen  to  be  reduced  near  the  wall.  This  reduction  then  diffuses  outward  into  the  shear  layer.  This 
can  also  be  seen  by  the  Reynolds  stress  development  lagging  the  mean  flow  development.  That  is, 
the  fluctuating  flow  field  responds  slower  than  the  mean  field  to  directional  changes  in  the  flow. 
This  indicates  the  great  importance  of  history  effects  in  the  physics  of  modeling  3D  TBLs.  The 
stream-wise  shear  stress  is  seen  to  be  reduced  from  typical  2D  values  as  3D  flow  fields  degenerate 
back  into  2D  flows.  The  shear  stress  also  seems  to  develop  slower  than  the  normal  stress  field. 
Which  introduces  another  lag  into  the  physics  that  must  be  modeled.  A  simple  analysis  of  the 
various  characteristic  angles  in  the  flow  illustrates  the  lag  of  the  fluctuating  quantities  to  the  mean 
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quantities.  The  shear  stress  angle  generally  lags  the  mean  flow  gradient  angle.  This  is  different  for 
the  convex  curvature  case  of  Baskaran  and  Bradshaw  (1990)  where  the  shear  stress  angle  is  seen 
to  lead  the  flow  gradient  angle.  Even  the  flows  that  are  mildly  3D  show  signs  of  a  change  in  the 
physics,  while  the  most  common  modeling  parameters  tend  to  be  similar  to  their  values  when 
observed  in  2D  turbulent  flows. 

A  number  of  structural  parameters  are  used  to  describe  turbulent  flow  among  the  various 
geometries.  The  ai  structural  parameter  is  seen  to  be  reduced  from  its  approximately  constant  2D 
value  of  0.15.  For  the  experiments  examined  in  this  study,  aj  illustrated  a  decrease  from  0.15  for 
all  of  the  wall  bounded  flows  excluding  the  convex  curvature  case  of  Baskaran  and  Bradshaw.  It 
was  also  greater  for  the  flows  with  data  taken  in  the  horseshoe  vortex  of  a  wing-body  junction 
experiment  and  in  the  separated  vortex  region  of  the  flow  over  the  ellipsoid  cylinder  (Barberis  and 
Molton).  These  later  experiments  have  significant  flow  normal  to  the  surface  and  therefore  differ 
greatly  from  the  traditional  wall  bounded  shear  flow.  The  aj  parameter  was  observed  to  be 
affected  by  three-dimensionality  greater  closer  to  the  wall. 

The  ratio  of  eddy  viscosity,  N,  and  Rotta's  T  parameter  would  be  equal  to  unity  across  the 
layer  if  the  eddy  viscosity  were  isotropic.  For  the  data  sets  examined,  these  parameters  are  reduced 
from  unity  which  indicates  that  the  eddy  viscosity  is  anisotropic  with  the  magnitude  in  the  span- 
wise  direction  generally  less  than  the  magnitude  in  the  stream-wise  direction.  These  parameters  are 
also  seen  to  attain  values  greater  than  unity  for  some  stations  of  these  experiments.  The  anisotropy 
seems  to  be  greatest  near  the  wall.  Prandtl’s  mixing  length,  when  calculated  for  3D  flow  fields, 
tends  to  be  less  than  the  2D  values  and  is  effected  greater  in  the  outer  layer.  Transport  velocities 
that  are  formed  for  certain  quantities  can  illustrate  characteristics  of  the  physics  of  the  flow,  but  do 
not  tend  to  correlate  well  enough  to  use  as  a  modeling  parameter. 

From  the  existing  data,  it  can  be  seen  that,  future  turbulence  models  must  be  able  to 
account  for  a  change  in  the  physics  of  the  3D  flow  field.  They  must  be  able  to  account  for  the  lag 
in  the  fluctuating  quantities  with  respect  to  the  mean  flow  quantities.  They  must  also  be  able  to 
account  for  the  reductions  in  shear  stress  that  are  seen  in  3D  flows  and  the  apparent  lag  of  the 
development  of  the  shear  stress  field  with  respect  to  the  normal  stress  field.  A  better  understanding 
of  the  pressure-rate-of  strain  terms  and  methods  of  modeling  them  is  also  needed  to  develop  better 
3D  turbulence  models.  The  importance  of  the  near  wall  flow  on  the  behavior  in  the  outer  regions  is 
hinted  at  by  the  data  in  this  study.  More  investigations  of  the  near  wall  flow  are  needed  to  detail 
the  important  physical  processes  that  are  occurring  in  this  region  of  the  flow  field. 
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Table  2.1.  Summary  of  the  experiments  examined  in  the  present  study. 
Notation;  TP  -  triple  product,  RS  -  Reynolds  stress. 


Author 

Flow  Description 

Apparatus 

• 

McMahon, 

The  horseshoe  vortex 

3  mean  velocities  and  6 

Hot  wires  that 

Hubbartt,  and 

region  of  a  wing  body 

RS  for  2  Y-Z  planes 

protruded  through  the 

Kubendran  (1982) 

juncture  flow  between  a 
flat  plate  and  a  3:2 
elliptical  nose  wing  of 
constant  thickness. 

Uref=  15.24  m/s 

along  the  body. 

y  >  2.3  mm. 

floor  and  test  wall  (flat 
plate)  of  the  test 
section. 

Baskaran  and 

Flow  in  curved  ducts 

3  mean  velocities,  6 

Cross  wire  hot  wire 

• 

Bradshaw  (1987) 

simulating  flow  on 
'infinite'  swept  curved 
wings  of  convex  and 
concave  curvature. 

UrQf=33  m/s 

RS,  10  TP  and  the  3 
normal  4th  order 
products. 

y+  >  300. 

probes,  3  hole  pitot 
probe,  3  hole  surface 
yawmeter,  Preston  tube. 

Driver  and  Johnston 

Axial  flow,  on  a  cylinder 

3  mean  velocities,  6 

3  component  LDV, 

(1990) 

downstream  of  a  rotating 

RS,  10  TP,  surface 

wall  static  pressure 

• 

section,  subjected  to 
different  pressure 
gradients.  Uref=15  m/s  and 
30  m/s 

static  pressures,  x^,  and 
Pw 

y+  >  20. 

taps,  laser  - 

interferometer,  oil  flow 
visualizations,  surface 
pitot  tube. 

Littell  and  Eaton 

The  boundary  layer  over  a 

3  mean  velocities,  6 

3  hole  pitot  tube,  cross 

(1991) 

smooth  flat  rotating  disk 
with  a  constant  angular 
speed. 

RS,  and  10  TP. 

y/5>0.1. 

-  wire  hot  -  wire 
probes. 

Devenport  and 

Flow  in  the  horseshoe 

3  mean  velocities  and  6 

Hot  -  wire  probes  and  a 

• 

Simpson  (1992) 

vortex  region  of  a  3:2 
elliptical  nose  NACA  0020 
tail  wing  normal  to  a  flate 
plate.  Uref=27  m/s 

RS. 

y  >  0.14  mm. 

LDV  system  in  3 
different  planes. 

Pompeo  (1992) 

Flow  in  a  converging  duct 
of  constant  area  focusing 

3  mean  velocities,  6 

RS,  10  TP,  friction 

Static  pressure  taps,  (1, 

2,  3,  5)  multi-hole  pitot 

• 

on  the  plane  of  the 
centerline.  With  the  duct 
reversed,  diverging  duct 
flow  was  examined. 

Uj-gf^42  m/s 

coeffs,  and  surface 
pressures. 

y/6>  0.1. 

tubes,  single  and  cross¬ 
wire  hot-wires,  skin 
friction  balance  and 
Preston  tubes. 
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Table  2.1.  (Cont.)  Summary  of  the  experiments  examined  in  the  present  study. 
Notation;  TP  -  triple  product,  RS  -  Reynolds  stress. 


Author 

Row  Description 

Data  Reported 

Apparatus 

Schwarz  and 
Bradshaw  (1992) 

Row  in  a  30®  constant  area 
bend  over  a  flat  wall  with 
an  axial  pressure  gradient 
~  zero.  Ui-ef=27  m/s 

3  mean  velocities,  6 

RS,  10  TP,  surface 
static  pressure,  Tvv»  and 

Pw 

y/8>  0.1. 

Preston  tube,  static 
pressure  taps,  3  hole 
pitot  probe,  cross  -  wire 
hot-wires,  oil-flow. 

Barberis  and 

Molton  (1993) 

Row  over  an  ellipsoid 
cylinder  body  at  Ufs  =  50 
m/s  and  a  =  20®. 

3  mean  velocities  and  6 
Reynolds  stresses. 

y/5>0.i. 

3  component  LDV, 
surface  pressure  taps, 
oil-flow,  3  hole  pitot 
tube. 

Kreplin  and  Stager 
(1993) 

Row  over  a  6:1  prolate 
spheroid  at  a  =  10°  and  Ufg 
=  30  m/s. 

3  mean  velocities,  6 

RS,  10  TP,  Tvv,  andP 
surface. 

y/8>0.1. 

3  hole  pressure  probes, 

4  sensor  Kovasznay 
type  hot-wire  probes. 

Chesnakas  and 
Simpson  (1994) 

Flow  over  a  6:1  prolate 
spheroid  at  a  =  10”  and  Ufe 
=  50  m/s. 

3  mean  velocities,  6 

RS,  9  TP,  Xw,  and 

y^>l. 

3  component  LDV,  fit 
to  Spalding's  wall  law 
in  the  collateral  zone. 

Olgmen  and 

Simpson  (1995) 

Row  along  a  line  of 
maximum  normal  stress,  in 
the  Devenport  wing  body 
junction  flow,  away  from 
the  vortex.  Urep27  m/s 

3  mean  velocities,  6 

RS,  IOTP,  15 
quadruple  products,  x^, 
and  Pw* 

y*^  >  3. 

3  component  LDV,  oil- 
flow  visualizations. 

{ 
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Table  2.2.a,  the  experiment  of  Baskaran  and  Bradshaw.  Mean  flow  parameters  for  the 
concave  flow  case  of  Baskaran  and  Bradshaw  as  measured  by  the  3  hole  yaw  meter, 
(extracted  from  a  RAE  report  obtained  through  communication  with  P.  Bradshaw) 


Station 

X  (mm) 

z  (mm) 

Uj-ef  (m/s) 

6  (mm) 

Qe  (m/s) 

(bp,  (dc^.) 

1 

591 

303 

32.671 

15.103 

32.968 

-1.13 

2 

921 

-127 

32.596 

23.25 

31.366 

1.21 

3 

921 

102 

32.55 

20.846 

31.423 

0.67 

4 

921 

254 

32.628 

22.967 

31.763 

1.62 

5 

1229 

150 

32.352 

41.109 

28.473 

5.89 

6 

1229 

279 

32.582 

38.96 

28.342 

6.88 

7 

1229 

381 

32.62 

43.04 

r  28.518 

7.1 

8 

1533 

260 

32.6 

56.685 

27.057 

r  10.64 

9 

1839 

387 

32.734 

70.746 

26.515 

10.29 

Table  2.2.b,  the  experiment  of  Baskaran  and  Bradshaw.  Wall  streamline  angles  and  friction 
velocities  for  the  concave  case.  (The  second  Q"''  and  U'*’  were  measured  with  the  Preston  Tube) 
(extracted  from  a  RAE  report  obtained  through  communication  with  P.  Bradshaw) 


Station 

X  (mm) 

z  (mm) 

Q" 

1 

591 

303 

-3.75 

1.250 

1.323 

1.321 

2 

921 

-127 

3 

921 

102 

4 

921 

254 

4.65 

1.101 

1.161 

1.156 

5 

1229 

150 

6 

1229 

279 

7 

1229 

381 

17.25 

0.878 

0.924 

0.857 

8 

1533 

260 

19.85 

0.869 

^0.885 

0.792 

9 

1839 

387 

18.00 

0.845 

0.885 

0.817 

Table  2.2.c,  the  experiment  of  Baskaran  and  Bradshaw.  Integral  parameters  for 
the  concave  curvature  flow  case.  (Table  1  of  Baskaran  ef.  al,  1990) 


Xn(mm) 

6*22  (mm) 

H., 

H22 

591 

2.62 

-0.024 

1.71 

IHHHI 

1.53 

921 

4.12 

-0.391 

2.767 

-0.01 

1.49 

1229 

8.58 

-2.414 

5.604 

-0.228 

1.53 

10.61 

1533 

11.33 

-4.124 

7.46 

-0.428 

1.52 

9.64 

1839 

12.96 

-4.864 

9.087 

-0.456 

1.43 

10.67 
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Table  2.2.d,  the  experiment  of  Baskaran  and  Bradshaw.  Mean  flow  parameters 
for  the  convex  flow  case  as  determined  by  the  3-hole  probe. 

(extracted  from  a  RAE  report  obtained  through  communication  with  P.  Bradshaw) 


Station 

Xn(nim) 

Zn(mm) 

Uj-gf  (m/s) 

6  (mm) 

Qe  (m/s) 

3 

513 

150 

33.87 

14.829 

33.68 

0.0 

6 

927 

150 

32.8 

22.34 

32.26 

1.14 

8 

1232 

150 

33.57 

37.43 

28.18 

6.16 

10 

1535 

150 

34.1 

52.89 

26.71 

9.09 

11 

1713 

150 

33.93 

59.39 

26.34 

10.2 

Table  2.2.e,  the  experiment  of  Baskaran  and  Bradshaw.  Integral  parameters  for  the  convex 
case  calculated  in  free  stream  coordinates,  (table  2  from  Baskaran  et.  al.,  1990) 


Xn(mm) 

6*11  (mm) 

5*22  (mm) 

Oil  (mm) 

022  (mm) 

H,i 

H22 

584 

2.48 

-0.008 

1.59 

1.56 

867 

3.99 

0.163 

2.55 

-0.003 

1.57 

1201 

9.61 

-2.16 

5.6 

-0.198 

1.72 

10.93 

1477 

15.71 

-4.13 

8.65 

-0.473 

1.82 

8.74 

1642 

16.94 

-5.34 

9.96 

-0.72 

1.7 

7.42 

Table  2.3,  the  experiment  of  Devenport  and  Simpson.  The  stated  experimental 
uncertanties.  (Table  F  - 1  from  Devenport  and  Simpson,  1990). 


Value  of: 

Plane  1 

Plane  3 

Plane  4 

Plane  5 

X/T 

-2.0  e-1 

-4.6  e  -2 

4.6  e-1 

3.8  e-1 

Y/T 

1.9  e -2 

1.6  e  -2 

9.6  e  -3 

1.8  e-1 

Z/T 

0 

-5.2  e  -1 

-5.1  e-1 

-9.6  e-1 

-3.4  e-1 

2.8  e-1 

1.1  eO 

9.5  e  -1 

i1B!1 

7.1  e -3 

-6.6  e-1 

-5.4  e  -1 

-2.3  e  -1 

5.2  e  -2 

3.9  e  -2 

2.3  e  -3 

3.6  e  -3 

7.0  e  -3 

4.5  e  -3 

-2.4  e  -4 

-1.2  e -3 

Uncertainty  in: 


IHiDiiiH 

2.5  e  -2 

3.5  e  -2 

3.7  e  -2 

3.6  e  -2 

IHlIiifli 

2.5  e  -2 

3.5  e  -2 

3.5  e  -2 

3.5  e  -2 

2.5  e  -2 

3.6  e  -2 

3.6  e  -2 

3.5  e  -2 

1.6  e  -3 

1.3  e  -3 

1.4  e  -4 

1.9  e  -4 

7.5  e  -4 

4.4  e  -4 

1.5  e -4 

1 .4  e  -4 

4.3  e -4 

1.0  e -3 

3.0  e  -4 

2.0  e  -4 

1.3  e  -3 

1.1  e  -3 

1.5  e -4 

2.0  e  -4 

- 

9.2  e  -4 

2.2  e -4 

2.1  e  -4 

- 

r  9.6  e  -4 

^  2.2  e  -4 

1.5  e -4 

Table  2.4.a.  the  experiment  of  Littell  and  Eaton.  The  uncertainty  in  the  hot  -  wire 
measurements  of  Littell  and  Eaton  (Table  2.1  from  Littell  and  Eaton,  1991) 


Uncertainty  (aligned) 

Error  from  5”  Misalignment 

u 

3% 

1% 

u 

5% 

4% 

7 

5% 

4% 

5% 

4% 

uv 

10% 

7.5% 

uv 

vw 

15% 

8.5% 

uv 

uw 

10% 

1.5% 

uv 

Table  2.4.b,  the  experiment  of  Littell  and  Eaton.  Various  parameters  for  the  seven  turbulent 
stations  of  Littell  and  Eaton  (Extracted  from  Table  3.1  in  Littell  and  Eaton,  1991)  Note  that 
699  is  defined  differently  than  UAJe  =  0.99,  refer  to  Littell  and  Eaton  (1991)  for  specifics. 


Radius 

(m) 

Re 

u.. 

(m/s) 

699 

(mm) 

e 

(mm) 

Ree 

H 

Ux 

(m/s) 

V/Ut 

(|xm) 

0.235 

400000 

26.13 

11.60 

0.978 

1657 

1.342 

1.206 

12.8 

0.356 

650000 

28.22 

19.22 

1.457 

2662 

1.290 

1.255 

12.3 

11 

940000 

41.01 

20.05 

1.456 

3839 

1.269 

1.750 

8.9 

0.421 

650000 

23.72 

21.04 

1.712 

2645 

1.298 

1.051 

14.6 

11 

1000000 

36.72 

20.61 

1.641 

3903 

1.282 

1.556 

9.9 

11 

1300000 

48.14 

20.39 

1.594 

4969 

1.270 

1.997 

7.7 

11 

1600000 

59.12 

21.38 

1.612 

6066 

1.267 

2.386 

6.6 

Table  2.5.a.,  the  experiment  of  Schwarz  and  Bradshaw.  The  uncertainty  in  the  hot  -  \ykre 
measurements  of  Schwarz  and  Bradshaw  (Table  2  -  j)  from  Schwarz  and  Bradshaw,  1992) 


Uncertainty  (aligned)  I  Error  from  5°  Misalignment 


_ 3% _  1% 


5%  4% 


4% 


4% 


7.5% 


8.5% 


7.5% 


Table  2.5.b,  the  experiment  of  Schwarz  and  Bradshaw.  Integral  flow  parameters  from 
Schwarz  and  Bradshaw.  (Excerpt  from  Table  3-1  Schwarz  and  Bradshaw,  1992) 


Station 

X  (mm) 

899  (mm) 

CfX  106 

6*  (mm) 

0 

826 

20.92 

3039 

3.31 

2.42 

1 

978 

23.02 

2880 

3.71 

2.70 

2 

1130 

25.70 

2709 

4.23 

3.08 

3 

1283 

28.49 

2567 

4.97 

3.55 

4 

1435 

31.22 

2514 

5.27 

3.81 

5 

1511 

32.15 

2499 

5.27 

3.82 

6 

1676 

32.22 

2720 

5.27 

3.80 

7 

1775 

30.91 

2622 

5.25 

3.77 

8 

1875 

32.65 

2521 

5.57 

3.96 

9 

1975 

33.72 

2534 

5.78 

4.11 

10 

2075 

35.25 

2598 

6.04 

4.29 

11 

2174 

36.95 

2555 

6.34 

4.51 

12 

2338 

39.15 

2481 

■  6.78 

4.81 

13 

2415 

39.97 

2498 

6.83 

4.88 

14 

2491 

41.10 

2502 

7.03 

5.03 

15 

2567 

42.23 

2590 

6.99 

5.06 

16 

2643 

42.67 

2663 

6.81 

5.02 

17 

2796 

44.58 

2654 

6.89 

5.13 

18 

2948 

46.16 

2628 

6.89 

5.17 

19 

3100 

47.81 

2867 

6.70 

5.12 

20 

3329 

2969 

6.44 

5.01 

21 

3634 

2884 

6.27 

4.90 

Table  2.6  Data  for  the  LD  V  stations  of  the  wing  body  junction  experiment  of  Oilmen 
and  Simpson  (1995).  (Extracted  from  Table  4  in  Oilmen  and  Simpson,  1995.) 


Station 

X(in.) 

Z(in.) 

Uref  (m/s) 

Ue  (m/s) 

(deg.) 

0 

-4.49 

-1.32 

27.6 

26.4 

-1.68 

1 

-3.50 

-1.45 

27.5 

24.9 

-2.64 

2 

-2.29 

-1.75 

27.5 

24.8 

-4.81 

3 

-1.33 

-2.04 

27.5 

25.3 

-8.63 

4 

-0.47 

-2.58 

27.5 

27.3 

-9.45 

5 

0.26 

-2.94 

27.5 

29.5 

7.71 

6 

1.19 

-3.30 

27.5 

30.5 

-5.09 

7 

2.17 

-3.53 

27.5 

31.0 

-2.71 

Station 

issm 

Ut  (m/s) 

V  (m^/s  X  10^) 

Pday  (nib) 

Tdav  ("C) 

0 

-6.1 

0.87 

1.68 

938 

25.4 

1 

-11.5 

0.864 

1.65 

949 

24.6 

2 

-24.0 

0.865 

1.65 

949 

24.3 

3 

-33.7 

0.957 

1.65 

947 

23.5 

4 

-30.6 

1.11 

1.65 

946 

24 

5 

-19.7 

1.15 

1.67 

940 

24.5 

6 

-7.17 

1.16 

1.68 

934 

25 

7 

-3.50 

1.20 

1.68 

934 

24.7 

FIGURES 


Figure  2. 1  .a  The  experiment  of  McMahon  et.  al.  The  physical  description  of  a 
juncture  flow  as  examined  by  McMahon  et  al.  (Figure  1  from  McMahon  et.  al.,  1982) 


Figure  2.1.b  The  experiment  of  McMahon  et  al.  The  tunnel  exit, 
model,  and  test  section.  (Figure  2  from  McMahon  et  al.,  1982) 
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Figure  2.1.C  The  experiment  of  McMahon  el  al.  Looking  downstream  from  the  tunnel 
exit  at  the  model  and  hot-wire  probe  in  situ.  (Figure  3  from  McMahon  et.  al,  1982) 


Figure  2.2.a  The  'infinite'  swept  curved  wing  experiment  of  Baskaran  and  Bradshaw 
(1990),  for  the  concave  curvature  case.  (fig.  1(a)  from  Baskaran  el  al,  1990). 


# 


Figure  2.2.b  The  'infinite'  swept  curved  wing  experiment  of  Baskaran  and  Bradshaw 
(1990)  for  the  convex  curvature  case.  (fig.  1(b)  from  Baskaran  ef.  al,  1990). 
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Figure  2.3.b  The  test  section  of  the  boundary  layer  wind  tunnel  used  for  the  experiment  of  Devenport  and 
Simpson.  The  major  scale  divisions  are  10".  (Figure  A.  1-2  from  Devenport  and  Simpson,  1990) 
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Figure  2.3.c  A  description  of  the  measurement  planes  used  for  the  experiment  of 
Devenport  and  Simpson.  (Figure  F-1  from  Devenport  and  Simpson,  1990) 
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Figure  2.4.a  The  shear  induced  experiment  of  Driver  and  Johnston.  Description  of  the  regions 
of  the  flow  at  various  axial  locations  on  the  cyllinder.  (Figure  2.1  from  Driver  and  Johnston,  1991) 


Figure  2.4.b  The  shear  induced  experiment  of  Driver  and  Johnston.  Schematic  of  the  test  section 
and  boundary  layer  behavior  over  the  cylinder.  (Figure  2.4  from  Driver  and  Johnston,  1991) 


Figure  2.5.a  The  experiment  of  Littell  and  Eaton, 
The  streamline  pattern  over  the  spinning  disk. 
(Figure  1.1  from  Littell  and  Eaton,  1991) 


Figure  2.5.b  The  experiment  of  Littell  and  Eaton. 
The  3D  TBL  created  by  the  shear  driven  disk  flow, 
(Figure  1.2  of  Littell  and  Eaton,  1991) 


Figure  2.5.C  The  experiment  of  Littell  and  Eaton.  The  table,  frame,  measurement 
traverse  and  drive  apparatus  (Figure  1.3  from  Littell  and  Eaton,  1991) 


Figure  2.6.a  Experimental  setup  of  Pompeo  (1992).  The  wind  tunnel 
arrangement  used  for  this  experiment.  (Fig  2.1  from  Pompeo,  1992) 


Figure  2.6.b  Two  dimensional  nozzle  and  definition  of  the  coordinate 
system  used  in  for  Pompeo  (1992).  (Fig  2.2  from  Pompeo,  1992) 
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Figure  2. 8. a  The  Experiment  of  Molton.  The  ellipsoid  cylinder 
model  mounted  in  the  wind  tunnel.  (Figure  1  from  Molton,  1993) 


:  3  -  Hc^  PriBssur#  Probtti 
I  :  3  -  0  LDV  ( Badcwa/d  Mod# ) 

Figure  2.8.b  The  Experiment  of  Molton.  The  measurement  regions  and  definition 
of  coordinate  systems  used  for  the  ellipsoid  cyllinder.  (Figure  7,  8  from  Molton,  1993) 
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Figure  2.8.C  The  Experiment  of  Molton.  The  ellipsoid 
cylinder  model's  dimensions.  (Figure  2  from  Molton,  1993) 


Figure  2.9  The  experimental  setup  and  streamlines  for  the  6:1  prolate 
spheroid  of  the  Stager  (1993)  experiment.  (Fig  3  from  Kreplin,  1993) 


Figure  2.10.a  The  experiment  of  Chesnakas  and  Simpson.  The  6:1  prolate  spheroid 
mounted  at  10°  angle  of  attack  in  the  wind  tunnel.  Oil  flow  illustrates  surface  skin 
friction  lines.  (Figure  A.2  from  Chesnakas  et  al,  1994) 


Figure  2.10.b  The  experiment  of  Chesnakas  and  Simpson.  A  view  illustrating 
the  probe  positioned  within  the  model.  Figure  2  from  Chesnakas  et.  a/., 1994) 
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Figure  2.1 1. a,  the  experiment  of  Olcmen  and  Simpson,  A  characture  of  the  wing-body  9 

junction  flow  illustrating  the  measurement  stations.  The  LDV  data  was  obtained  on  the 
starboard  side  of  the  model,  (figure  2(a)  from  Olcmen  and  Simpson,  1995) 


Figure  2.1  Lb,  the  experiment  of  Olcmen  and  Simpson.  An  oil-flow  visualization  of  the  flow  indicating 
the  average  wall  streamlines  and  measurement  stations,  (figure  2(b)  from  Olcmen  and  Simpson,  1995) 
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Chapter  3  Results  and  Discussion  (Reynolds  Stress  Parameters) 


In  Chapter  2,  the  experiments  were  presented  in  chronological  order.  In  the  remaining 
chapters,  the  presentation  of  results  is  arranged  based  upon  the  complexity  of  the  flows.  This  will 
present  an  evolution  of  the  parameters  through  various  flow  geometries.  The  organization  of  flows 
for  the  discussion  is  outlined  in  Table  3.1.  Plots  that  directly  support  the  discussion  are  presented 
at  the  end  of  this  chapter.  Several  additional  figures,  constructed  as  part  of  this  study,  are 
presented  in  Appendices  B-L.  Table  3.1  matches  each  experimental  case  to  an  appendix  where  the 
additional  figures  reside.  These  plots  were  significant  to  this  thesis  but  only  briefly  mentioned  in 
the  text.  The  uncertainties  were  estimated,  according  to  the  rules  of  error  propagation  (Taylor, 
1982),  from  the  uncertainties  in  each  individual  Reynolds  stress  component  or  triple  product  as 
reported  by  the  original  authors.  The  uncertainties  are  included  in  the  discussion  to  support  the 
conclusions  of  the  current  study.  An  account  of  the  uncertainty  analysis  is  given  in  Appendix  A. 
For  simplicity,  throughout  the  remainder  of  this  chapter,  the  experiments  will  be  referred  to  by  a 
single  name;  McMahon  for  McMahon  et.  al.  (1982),  Baskaran  for  Baskaran  and  Bradshaw 
(1987),  Driver  for  Driver  and  Johnston  (1990),  Littell  for  Littell  and  Eaton  (1991),  Devenport  for 
Devenport  and  Simpson  (1992),  Schwarz  for  Schwarz  and  Bradshaw  (1992),  Molton  for  Barberis 
and  Molton  (1993),  Stager  for  Kreplin  and  Stager  (1993),  Chesnakas  for  Chesnakas  and  Simpson 
(1994),  and  Oilmen  for  Oilmen  and  Simpson  (1995).  These  identifiers  are  listed  in  Table  3.1. 

The  first  section  of  the  results  will  focus  on  the  discussion  of  parameters  formed  from 
terms  in  the  Reynolds  stress  tensor.  The  parameters  presented  are  for  experimental  data  sets,  and 
stations  within  these  data  sets,  for  which  they  were  never  calculated  or  presented  in  previous 
publications. 


3.1  The  1/S  Parameter 


The  algebraic  relationship  expressed  as  the  magnitude  of  the  Reynolds  shear  stress  in  a 
plane  parallel  to  the  wall,  I  x/p  I,  over  was  determined  to  approximate  a  constant  value  over  a 
significant  portion  of  wall  bounded  shear  layers  (Oilmen  and  Simpson,  1995).  Simpson  (1995) 
defined  this  parameter  to  be  1/S  and  it  will  be  called  so  throughout  the  remainder  of  this 
discussion.  6l9men  and  Simpson  (1995)  examined  the  behavior  of  this  parameter  for  some 
stations  from  nine  separate  experimental  data  sets.  (The  various  data  sets  used  in  the  Oilmen  and 


Simpson,  1995,  examination  reside  in  a  Journal  of  Fluids  Engineering  data  bank,  see  Olgmen  and 
Simpson,  1992.)  For  their  LDV  data  in  the  wing-body  junction,  they  found  that  1/S  maintained  an 
approximately  constant  value  over  the  range  0.03  <  y/5  <  0.6.  The  value  that  the  parameter 
maintained  differed  from  station  to  station  ranging  from  values  of  0.4  to  0.6  with  most  of  the 
values  near  0.5.  The  other  data  sets  approximated  a  constant  to  values  near  y/5  of  0.7-0. 8  and 
ranged  from  values  of  0.4-0.75  with  a  heavy  concentration  about  0.6.  At  y/8  =  1.0,  1/S  appears  to 
have  a  mean  value,  for  the  data  presented,  of  approximately  0.3.  This  value  of  1/S  near  5  is 
observed  in  several  of  the  other  experiments  described  below  as  well. 

The  bounds  of  the  1/S  relationship  can  be  qualitatively  described  as  follows.  As  the  outer 
edge  of  the  boundary  layer  is  approached,  the  amount  of  Reynolds  stress  produced  by  the 
rotational  motion  is  reduced,  due  to  the  turbulent-non-turbulent  interface,  and  the  velocity 
fluctuations  approach  the  values  of  the  turbulence  intensity  in  the  freestream,  which  are  small.  As 
the  turbulent-non-turbulent  interface  is  approached,  intermittancy  considerations  indicate  that  the 
irrotational  fluctuations  should  decay  as  a  function  of  y"^  (Simpson,  1995).  At  the  edge  of  the 
boundary  layer,  global  v  velocity  fluctuations  are  produced  by  the  pressure  fluctuations  as 
described  by  the  Poisson  equation  (Simpson,  1995).  These  effects  cause  the  reduction  of  1/S  in  the 
outer  layer  (y/5  >  0.8).  At  the  wall,  the  fluctuating  velocities  must  be  zero  and  1/S  must  vary 
linearly  with  y  near  the  wall  (y"^  <  3)  as  can  be  seen  by  an  analysis  of  the  functional  behavior  of  the 
fluctuating  velocities  in  the  mass  continuity  equation.  This  parameter  is  attractive  for  inclusion  in 
a  modeling  scheme  since  it  is  invariant  to  a  rotation  about  an  axis  normal  to  the  surface.  Also  due 
to  the  fact  that  v'  =  (v^  )’^^  should  act  as  an  important  turbulence  velocity  scale.  The  importance  of 
v'  is  emphasized  near  the  wall  where  the  ejections  and  sweeps,  contributing  to  the  majority  of  the 
turbulence  production,  are  strongly  related  to  v'  (Simpson,  1995). 

The  current  study  attempts  to  illustrate  variations  in  the  S  parameters  over  a  variety  of 
complex  3D  flow  geometries  and  to  describe  behavior  based  on  common  3D  flow  features.  It 
extends  the  study  of  Ol9men  and  Simpson  (1995)  to  data  sets  and  stations  that  were  not  previously 
examined.  Uncertainties  are  discussed  where  they  were  able  to  be  determined.  The  majority  of 
data  that  were  obtained  for  the  current  study  did  not  measure  the  flow  very  near  the  wall.  For 
these  studies,  the  data  represents  the  outer  layer  for  y/6  >0.1.  For  this  reason,  the  1/S  parameter 
was  the  focus  of  this  study  rather  than  its  reciprocal  S,  which  was  applied  in  the  near  wall  region  in 
the  Ol9men  and  Simpson  (1995)  study.  The  S  parameter  will  be  presented  and  discussed,  where 
applicable,  following  a  detailed  discussion  of  the  1/S  parameter  for  each  flow  case  represented  in 
Table  3.1.  The  stations  of  McMahon  are  described  in  Figure  3.1. 


The  experiment  of  Pompeo  illustrates  the  effects  of  an  additional  rate  of  strain  for  the 
stations  on  the  centerline  and  effects  of  either  converging  or  diverging  duct  flows.  Figure  3.2 
details  the  behavior  of  1/S  for  the  experiment  of  Pompeo.  Within  the  uncertainty  of  ±22% 
estimated  for  1/S  in  this  experiment,  1/S  maintains  fairly  constant  values  for  individual  stations 
over  the  range  0.1  <  y/5  <  0.7.  A  mean  value  in  this  range  can  be  estimated  as  1/S  =  0.72  which 
includes  all  of  the  stations.  The  stations  that  are  on  the  centerline  of  the  duct  tend  to  maintain  a 
slightly  higher  value  (0.75)  than  the  stations  off  the  centerline  (0.68)  where  additional  3D  TBL 
effects  are  present.  There  appears  to  be  no  preference  for  either  converging  or  diverging  flow  at 
the  off  centerline  stations.  The  centerline  stations  indicate  slightly  lower  values  of  1/S  for  the 
Converging  configuration  and  the  diverging  case  appears  to  maintain  more  precision  of  the  values. 
As  the  freestream  is  approached,  y/6  >  0.7,  1/S  behaves  somewhat  linearly  and  passes  through  a 
mean  value  of  0.3  at  y  =  5. 

The  experiment  of  Schwarz  provides  a  test  case  with  crossflow  development  and  decay  in 
a  30°  bend  with  a  minimal  adverse  streamwise  pressure  gradient.  Figure  3.3  contains  the  results 
for  1/S  calculated  for  both  the  upstream  development  and  downstream  decay  regions.  The  value  of 
1/S  was  estimated  to  be  ±25%  uncertain  for  this  experiment.  Station  0  is  in  the  2D  TBL  region 
before  the  imposition  of  the  spanwise  pressure  gradient.  The  values  for  the  upstream  stations  are 
slightly  decreasing  with  increasing  y  but  the  slope  is  slight  enough  to  approximate  1/S  by  a 
constant  value  near  0.7  for  0.1<  y/5  <  0.7.  As  the  freestream  is  approached,  1/S  appears  to 
decrease  in  a  somewhat  linear  fashion  to  a  value  slightly  greater  then  0.3  at  y  =  5.  Station  12 
experiences  the  maximum  amount  of  crossflow  in  this  experiment.  For  it,  1/S  has  the  most 
constant  value  of  0.7  over  the  range  0.1<  y/8  <  0.7.  Beyond  station  12,  the  crossflow  begins  to 
decay.  As  this  happens,  the  values  of  1/S  tend  to  decrease  from  0.7  towards  0.6.  For  the  decay 
region  of  the  flow,  1/S  better  approximates  a  constant  value  for  each  individual  station,  however  a 
definite  trend  of  a  lower  value  is  discernible  for  the  decay  region.  This  tends  to  follow  the  behavior 
of  the  Reynolds  stresses  for  this  flow.  The  flow  is  decaying  back  to  a  2D  TBL,  however  the 
turbulence  field  does  not  recover  as  quickly  as  the  mean  flow,  and  1/S  seems  to  reflect  this 
behavior.  Even  though,  this  trend  seems  clear,  the  values  of  1/S  are  all  quite  similar  for  this 
experiment  and  the  apparent  lag  is  not  significant  when  the  uncertainty  is  accounted  for. 

The  Oilmen  experiment  was  discussed  above  but  will  be  summarized  again  here  for 
continuity.  The  1/S  parameter  is  presented  again  in  Figure  3.4.  In  the  outer  layer,  above  y"^  of  70, 
1/S  approximated  a  constant  value  near  0.5  then  trailed  off  as  the  boundary  layer  edge  was 
approached.  There  was  greater  scatter  from  station  to  station  for  this  flow  in  comparison  to  the 
Chesnakas  flow,  but  a  brief  review  of  Chapter  2  will  illustrate  the  increased  complexity  of  the 
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Ol9men  experiment.  The  setup  and  measurement  strategy  presents  a  more  complex  3D  TBL  than 
investigated  for  some  other  experiments.  Despite  the  complexities  of  the  flow,  the  1/S  parameter 
can  still  be  considered  as  a  constant  for  individual  stations  for  the  region  mentioned  above.  This 
experiment  attained  measurements  very  near  the  wall.  Below  y'*'  of  100,  1/S  begins  to  increase 
reaching  a  maximum  value  near  y''’=10.  For  the  Oilmen  flow,  the  stations  do  not  collapse  onto  the 
same  line  nor  do  they  achieve  similar  maxima.  This  is  attributed  to  the  complexity  of  the  flow  and 
the  lag  in  the  near  wall  fluid  to  react  to  changes  in  the  pressure  field.  However  they  exhibit  a 
similar  functional  dependence  and  approach  zero  after  attaining  their  maxima.  Olfmen  and 
Ciochetto  also  performed  experiments  on  a  zero  pressure  gradient  flat  wall  TBL  to  investigate  the 
dependence  of  the  near  wall  flow  on  Reynolds  number.  This  investigation,  for  similar  conditions  as 
the  experiment  above,  resulted  in  1/S  maintaining  a  slightly  greater  value,  0.6,  and  decreasing 
continuously  to  0.5  as  the  boundary  layer  edge  was  approached.  As  seen  in  Figure  3.5,  this  was 
lower  than  1/S  for  the  2D  data  of  Klebanoff.  Across  0.2  <  y/8  <  0.6,  the  Klebanoff  data  is  nearer 
to  the  0.7  value  of  1/S  seen  in  the  previous  experiments. 

The  experiment  of  Baskaran  illustrates  the  effects  of  convex  and  concave  curvature  for  the 
case  of  an  'infinite'  swept  wing.  The  results  for  1/S  are  given  in  Figure  3.6,  the  case  of  concave 
curvature  is  given  in  Figure  3.6.a  and  that  of  convex  curvature  is  given  in  Figure  3.6.b.  The 
parameter  1/S  for  the  individual  stations  of  the  experiment  appears  to  approximate  constant  values 
for  the  range  0.1<  y/5  <0.8  with  a  mean  value  of  0.8.  For  y/5  >  0.8,  1/S  decays  approximately 
linearly  as  the  boundary  layer  edge  is  approached.  At  y  =  5,  1/S  passes  through  a  mean  value  of 
0.3.  For  the  concave  curvature,  the  only  noticeable  effect  of  curvature  is  seen  in  station  9  which  is 
furthest  downstream.  At  station  9,  the  value  of  1/S  is  remarkably  constant  with  a  mean  value  of 
0.6  over  the  range  of  y/8  mentioned  previously.  The  convex  curvature  case  does  not  indicate 
strong  effects  due  to  curvature.  The  values  for  1/S  in  the  downstream  direction  fluctuate  between 
values  of  0.6  to  1.0  over  the  range  of  y/8  indicated  previously.  The  uncertainty  in  1/S  for  this 
experiment  was  estimated  to  be  +45%  (Appendix  A)  based  on  reported  uncertainties  in  vw  of  ± 
30%.  Thus  it  appears  that  curvature  does  not  have  a  strong  effect  on  the  behavior  of  the  1/S 
parameter. 

When  1/S  is  compared  to  the  a]  structural  parameter  with  similar  full  scale  values,  they 
appear  to  be  qualitatively  similar  for  this  experiment.  An  example  of  this  similarity  is  exhibited  in 
the  additional  figures  for  Baskaran  in  Appendix  E. 

The  experiment  of  Chesnakas  used  a  6: 1  prolate  spheroid  model  that  was  similar  to  the 
Stager  experiment  at  the  same  angle  of  attack  with  similar  freestream  conditions.  It  did  differ  in 
experimental  techniques.  The  Chesnakas  velocity  data  was  obtained  via  a  LDV  system  rather  than 
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with  hot  wire  sensors.  When  viewed  as  a  function  of  y/8  (Figure  3.7),  1/S  approximated  a  constant 
value  of  0.6  for  y/8  >  0. 1  or  0.2.  The  value  varied  slightly  towards  the  aft  end  of  the  model  tending 
to  decrease  slightly  overall  and  more  noticeably  towards  the  edge  of  the  boundary  layer.  This 
decrease  can  be  qualitatively  observed  in  the  Stager  data  as  well.  The  decrease  may  be  due  to  an 
increase  in  the  v  velocity  fluctuations  relative  to  the  magnitude  of  the  shear  stress  as  the  flow 
separates.  Increased  scatter  is  observed  in  the  downstream  regions  too.  The  behavior  of  1/S  in  the 
near  wall  region  can  be  emphasized  with  a  semi-log  plot.  Figure  3.8  illustrates  1/S  as  a  function  of 
the  wall  length  scale  y"*^.  This  shows  1/S  increasing  as  the  wall  is  approached.  For  near  wall  data, 
1/S  remains  relatively  well  correlated.  Comparison  with  the  near  wall  data  of  Oilmen  shows 
similtirity  in  the  behavior  of  1/S  as  the  wall  is  approached. 

The  experiment  of  Stager  is  similar  to  the  Molton  and  Chesnakas  experiments.  There  is 
significant  scatter  in  the  calculated  values  of  1/S  (Figure  3.9).  However,  upon  closer  observation, 
individual  stations  can  be  observed  to  approximate  constant  values  that  differ  from  station  to 
station.  This  is  more  obvious  in  the  upstream  measurement  planes.  A  mean  value  of 
approximately  0.6  appears  to  prevail  for  this  experiment.  One  discernible  trend  is  that  the  value  of 
1/S  increases  as  ([)  progresses  from  0°  to  ISO",  from  the  windward  to  the  leeward  side  of  the  model. 
The  value  of  1/S  on  the  windward  side  tends  to  maintain  a  value  of  0.4.  The  uncertainty  in  the 
data  prevents  further  observations  to  be  made. 

The  experiment  of  Molton  combines  effects  from  several  of  the  flows  that  have  already 
been  discussed.  On  the  leeward  side  of  the  model,  the  streamlines  are  converging  as  the  case  of 
Pompeo.  Also  on  the  rearward  section  of  the  model,  the  flow  separates  and  contains  vortical 
structures  (Fig.  3.10)  similar  to  the  McMahon  and  Devenport  experiments.  It  also  is  similar  to  the 
experiments  of  Chesnakas  and  Stager  on  6:1  prolate  spheroid  body.  Figure  3.11  has  the  results  of 
their  data  taken  in  the  region  on  the  model  where  forward  scatter  LDV  techniques  were  used.  On 
the  leeward  side  of  the  model,  <j)  =  0°,  1/S  acts  as  a  decreasing  function  of  y.  The  peak  value  of  0.9 
occurs  near  y/8  =  0.1  and  decreases  to  0.3  at  y  =  8.  For  angles  about  the  body,  1/S  acts  as  a 
decreasing  function  of  y  but  in  not  as  severe  a  fashion  as  for  <])  =  0°.  As  the  measurements 
progress  towards  the  windward  side  of  the  body,  the  peak  value  near  the  wall  tends  to  be  reduced 
and  approach  a  more  constant  value  across  the  boundary  layer.  An  unexplained  feature  of  this 
flow  is  an  apparent  asymmetry  between  the  ^  =  170°  and  <|)  =  190°  measurement  stations  at  equal 
angular  spacing  from  the  leeward  side  of  the  model.  For  (|)  =  190°,  1/S  maintains  a  more  constant 
value  with  a  mean  value  near  0.5.  The  data  obtained  in  back  scatter  mode,  on  the  aft  portion  of  the 
model,  were  in  the  separated  flow  further  away  from  the  body  (Figure  3.12).  Here  the  uncertainty 
in  the  measurements  was  greater  and  1/S  can  be  seen  to  approximate  a  more  constant  value  over  y 
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than  in  the  forward  measurement  region.  Some  features  of  1/S  can  be  observed  that  are  consistent 
with  the  observations  from  the  McMahon  and  Devenport  flows.  In  the  presence  of  a  vortex,  1/S 
becomes  reduced  from  typical  upstream  values  between  the  surface  and  the  vortex  core.  This  is 
illustrated  by  the  reduction  of  1/S  at  x  =  1 100  mm  where  the  separation  has  not  yet  fully  occurred 
and  the  separation  vortex  is  yet  weak.  Severe  effects  on  1/S  are  seen  at  x  =  1300  mm  where  the 
value  of  1/S  peaks  near  <])  =  150°  where  the  vortex  core  occurs.  This  is  opposite  of  the  behavior 
under  the  vortex  in  the  McMahon  and  Devenport  flows.  This  seems  to  indicate  that  the  vortex  is 
transporting  TKE  or  velocity  fluctuations  away  from  the  surface  near  the  vortex  core  and  towards 
the  surface  near  the  wall. 

Comparison  of  1/S  with  the  ai  stmctural  parameter  shows  that  qualitatively,  the 
parameters  behave  similarly.  These  results  are  presented  in  appendix  H.  However  in  this 
experiment,  ai  tends  to  be  slightly  more  scattered  than  1/S  on  the  aft  portion  of  the  model,  aj 
exhibits  similar  peaks  and  reductions  as  discussed  above  for  1/S. 

The  experiment  of  Driver  illustrates  the  behavior  of  1/S  in  a  flow  that  is  relaxing  from  a 
shear  driven  state  with  the  application  of  various  adverse  pressure  gradients.  Figure  3.13  presents 
the  results  for  the  1/S  parameter  for  the  experiment  of  Driver.  The  results  for  all  of  the  data  of 
Driver  are  presented  here,  however,  as  pointed  out  in  Chapter  2,  Driver  recommends  specific  cases 
to  illustrate  the  effects  of  adverse  pressure  gradient  and  rate  of  strain.  Regardless  of  these 
considerations,  the  1/S  parameter  appears  to  approximate  a  constant  value  for  individual  stations 
over  the  range  of  0.1  <  y/8  <  0.8.  The  x-locations  of  the  individual  stations  are  documented  in 
Table  3.2  which  indicates  the  position  of  the  measurement  with  respect  to  the  beginning  of  the 
stationary  cylinder.  In  Figure  3.13  a  horizontal  line  across  the  station  list  indicates  where  the 
transition  from  rotating  to  stationary  cylinder  occurs.  This  is  where  the  flow  transitions  from  a  2D 
shear-driven  collateral  flow  to  the  relaxing  3D  flow.  The  values  of  1/S  that  are  over  the  rotating 
cylinder  tend  to  maintain  greater  values  than  the  stations  that  are  in  the  relaxation  zone  of  the 
experiment.  For  the  cases  with  no  shear-induced  motion,  (BSO,  CSO,  and  DSO)  the  values  of  1/S 
behave  similarly  from  station  to  station  for  the  range  0.2  <  y/5  <  0.8.  One  noticeable  difference 
between  the  regions  before  and  after  x  =  0  in  the  behavior  of  1/S  is  a  significant  decrease  upstream 
of  X  =  0  for  y/6  <  0.2. 

To  examine  the  effect  of  adverse  pressure  gradient  on  1/S  for  this  experiment,  consider  the 
cases  ASl,  BSl,  CSl,  and  DSl.  All  of  these  cases  involve  a  shear-induced  flow  with  the  same 
surface  velocity  with  respect  to  the  reference  velocity.  Case  ASl  is  a  zero  adverse  pressure 
gradient  case  and  case  DS 1  has  the  most  severe  adverse  pressure  gradient  imposed.  Considering 
case  ASl  as  a  reference  state,  1/S  tends  to  have  less  variation  with  y  near  the  wall  as  greater 


adverse  pressure  gradients  are  applied.  Thus  it  would  appear  that  an  increased  pressure  gradient 
tends  to  stabilize  the  1/S  parameter  near  the  wall.  The  uncertainty  in  the  1/S  parameter  was 
determined  to  be  ±19%  for  these  experiments.  Effects  of  the  regions  of  active  skewing  v. 
relaxation  regions  on  1/S  can  be  seen  in  this  data.  No  appreciable  effects  of  pressure  gradient  can 
be  discerned.  Comparing  cases  BSO,  CSl,  and  DSl,  which  had  similar  upstream  boundary 
conditions,  it  can  be  inferred  that  the  addition  of  skewing  to  the  flow  tends  to  reduce  the  scatter  in 
the  1/S  parameter.  Average  values  of  1/S  for  this  experiment  could  be  estimated  at  0.7  over  the 
rotating  cylinder  and  0.6  in  the  downstream  section. 

The  experiment  of  Littell  is  another  example  of  a  shear  driven  flow.  The  results  are 
illustrated  in  Figure  3.14.  For  0.1  <  y/5  <  0.6,  1/S  approximates  a  fairly  constant  mean  value  of 
0.7  for  the  various  radii  and  rotational  speeds  investigated.  The  uncertainty  on  1/S  for  this 
experiment  is  estimated  to  be  ±25%.  There  appears  to  be  no  significant  effects  caused  by  variation 
of  radial  location  or  disk  speed.  The  ambient  flow  for  this  experiment  had  zero  velocity  and  as  y 
increased,  the  velocity  and  its  fluctuations  tended  to  zero.  This  was  a  unique  feature  in  comparison 
to  the  other  flows  in  this  study.  This  is  also  the  reason  for  the  increased  scatter  in  the  parameters 
with  increasing  y.  The  other  parameters  that  were  investigated  for  the  Littell  experiment  all  tended 
to  decrease  linearly  with  increasing  y,  see  later  discussion,  however  the  1/S  parameter  tended  to 
maintain  a  similar  behavior  as  in  the  previous  experiments,  which  points  to  the  robustness  of  this 
parameter  for  a  variety  of  different  flow  situations. 

The  experiment  of  Devenport  was  similar  to  that  of  McMahon.  The  results  from  the 
current  calculations  are  presented  in  Figure  3.15  for  the  various  planes  of  data  that  were  obtained. 
The  values  of  1/S  for  this  data  were  not  very  constant,  even  for  individual  stations.  There  were 
several  unrealizable  data  points  that  were  removed  from  this  data  set  before  calculation  of  1/S. 
Also  the  flow  is  different  from  the  other  data  sets  previously  examined  as  it  is  not  a  true  boundary 
layer  flow.  The  only  general  trend  that  can  be  observed  in  this  experiment  is  a  reduction  in  1/S 
near  the  body  close  to  the  wall  region.  This  appears  consistent  with  the  results  from  the  McMahon 
experiment.  The  scatter  in  the  results  here  prevent  further  comment. 

The  data  of  McMahon  were  obtained  in  the  junction  vortex  of  a  wall  appendage  flow  as 
described  in  Chapter  2.  This  flow  differs  greatly  from  the  traditional  concept  of  a  wall-bounded 
shear  flow  since,  in  the  vortex  region,  significant  values  of  the  wall  normal  velocity  can  exist.  A 
description  of  the  definition  of  the  experimental  stations  of  the  McMahon  data  that  were  used  for 
the  present  study  is  given  in  Figure  3.1.  This  figure  also  indicates  the  location  of  the  core  of  the 
vortex  which  is  useful  when  considering  the  behavior  of  the  relationships  presented  in  this  study. 
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Recall  from  Chapter  2  that  the  outermost  stations,  U14  and  D15  were  considered  by  McMahon  to 
be  in  the  2D  region  of  the  flow. 

Overall,  1/S  appears  to  be  rather  scattered  for  this  flow.  However,  some  observations  may 
be  made  when  one  considers  certain  regions  of  the  flow  independently.  The  results  for  1/S  from 
the  upstream  plane  of  data  is  given  in  Figure  3.16.  Near  the  body  and  close  to  the  wall  stations 
U1-U4  exhibit  the  closest  behavior  to  the  approximately  constant  regions  of  the  previous 
experiments.  Here,  1/S  has  a  mean  value  near  0.55  before  beginning  to  decrease  for  y  >  0.015  m. 
As  the  vortex  core  is  approached,  the  v  fluctuating  velocity  increases  and  dominates  the  1/S 
relationship,  which  is  seen  in  the  reduction  of  1/S  near  the  wall  for  U5-U13.  The  region  above  y  = 
0.015  m  for  the  stations  outboard  of  U8  illustrate  an  increase  in  the  scatter  in  this  parameter,  the 
cause  of  which  is  unknown.  A  larger  reduction  in  1/S  is  observed  for  the  stations  outboard  of  the 
vortex  core  where  the  flow  near  the  wall  is  directed  in  the  positive  z  direction.  The  worst 
correlation  of  1/S  between  the  stations  is  observed  in  the  regions  farthest  away  from  a  surface. 
Station  U14  appears  to  approach  a  constant  value  across  the  boundary  layer,  at  a  value  of  0.25, 
which  is  lower  than  typical  values  observed  in  other  experiments.  The  results  for  the  downstream 
plane  are  illustrated  in  Figure  3.17.  At  this  location,  the  vortex  has  diffused  away  from  the  wall 
and  the  body.  Here,  1/S  illustrates  a  different  behavior  in  the  outer  region  of  the  flow.  It  is  more 
scattered  and  does  not  appear  to  tend  toward  zero  as  the  freestream  is  approached.  Near  the  wall 
and  the  body,  stations  D1-D3  appear  to  maintain  a  mean  value  near  0.5.  This  becomes  reduced  as 
the  core  of  the  vortex  is  attained.  In  the  downstream  plane,  1/S  in  the  outboard  region  tends  to  be 
more  correlated  from  station  to  station  than  in  the  upstream  plane.  This  is  assumed  to  be  a  result 
of  a  reduction  in  the  vorticity  as  the  junction  vortex  becomes  more  diffused.  The  outboard  stations 
reach  a  minimum  value  of  1/S  below  the  core  and  do  not  exhibit  a  region  where  1/S  is  sufficiently 
constant.  The  deviant  behavior  of  station  D15  could  not  be  accounted  for. 

The  a,  stractural  parameter  was  calculated  for  the  stations  of  this  experiment  and  is 
presented  in  appendix  J.  A  qualitative  comparison  between  1/S  and  a,  may  be  made  between  these 
plots.  In  general,  the  behavior  of  the  two  relationships  is  similar  for  the  different  regions  of  the 
flow.  It  is  observed  that  the  outboard  stations  attain  a  greater  value  for  a,  as  the  freestream  is 
approached.  Otherwise,  the  behavior  of  these  two  relationships  are  similar  for  this  experiment. 
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3.2  The  S  Parameter 


The  algebraic  ratio  S,  defined  as  over  I  x/p  I,  was  presented  by  Oilmen  and  Simpson 
(1995)  for  selected  stations  of  nine  different  experimental  data  sets  (Figure  3.18a).  The  individual 
experiments  appeared  to  approximate  a  constant  value  as  a  function  of  y"^.  The  value  varied 
between  experiments  and  had  an  average  value  of  1 .6.  They  report  that  S  was  greater  in  3D  TBLs 
than  in  2D  TBLs  due  to  less  correlation  between  the  u  and  v  fluctuating  velocities.  Simpson 
(1995)  refers  to  the  use  of  S  in  the  inner  layer  for  proposed  modeling  efforts.  Since  the  reciprocal 
1/S  was  presented  for  all  of  the  experiments  in  this  report,  S  was  examined  only  where  insight  into 
the  near  wall  behavior  could  be  obtained.  Figure  3.18b  illustrates  S  for  the  seven  stations  of  the 
Ol9men  flow.  It  is  included  here  for  comparison  to  the  other  test  cases.  For  the  experiment  of 
Chesnakas,  S  values  approximated  an  increasing  function  of  y"^  that  had  a  value  near  0.3  at  y"^  = 
10  and  increased  to  a  value  near  2.0  at  the  edge  of  the  TBL  (Figure  3.19).  For  each  longitudinal 
location,  S  had  little  scatter  among  the  different  circumferential  angles.  The  scatter  tended  to 
increase  with  the  downstream  stations.  For  the  Driver  flow,  near  wall  data  was  obtained,  but  y 
could  not  be  scaled  on  wall  variables  due  to  off-design  test  conditions  for  the  reported  data.  Due  to 
this,  S  was  not  computed  for  the  Driver  flow.  The  other  flows  in  the  study  focused  on  the  outer 
layer. 


3.3  The  Ratio  of  Reynolds  Stress  Production,  C 

Ol9men  and  Simpson  (1995)  also  introduced  a  parameter,  C,  that  represents  the  ratio  of 
the  production  of  the  -vw  to  the  -uw  Reynolds  shear  stresses  (see  section  2.2.11).  They  reported 
that  C  was  nearly  constant  for  a  given  station  over  a  range  of  y  in  the  wall  stress  coordinate 
system.  They  reported  that  this  behavior  persisted  between  100  <  y"^  <  1000.  As  part  of  the 
current  examination,  the  ratio  C  was  examined  for  the  eleven  different  data  sets  in  different 
coordinate  systems.  Unfortunately  the  data  in  the  present  study  produced  values  of  C  that  were  too 
scattered  to  verify  this  result  presented  in  6l9men  and  Simpson  (1995).  To  calculate  C,  the 
gradients  of  W  and  U  needed  to  be  computed.  It  is  believed  that  the  experimental  uncertainties 
tainted  the  results  of  the  gradient  calculation  and  caused  high  degrees  of  artificial  scatter  in  the 
results.  The  plots  of  C  are  included  in  the  respective  appendices. 
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3.4  Other  Algebraic  Ratios  Involving  Reynolds  Stresses 
3.4.1  The  ratio  -vw  /  -uw 

Oilmen  and  Simpson  (1995)  reported  the  behavior  of  the  -  vw  and  -uw  stresses  as  "closely 
related"  in  a  wall-stress  coordinate  system.  They  pointed  out  that,  in  the  boundary  layer  equations, 
the  uw  Reynolds  stress  is  considered  a  higher-order  term  and  often  neglected.  Also  that  the  uw 
stress  can  be  as  great  or  greater  than  the  vw  stress.  Thus  the  influence  of  uw  may  be  of 
importance.  However  this  ratio  is  not  a  good  candidate  for  modeling  efforts  as  it  depends  on  the 
choice  of  coordinate  systems. 

The  present  study  included  an  examination  of  this  ratio  for  the  eleven  data  sets  that  were 
investigated.  Ol9men  and  Simpson  (1995)  found  that  in  wall-stress  coordinates  for  pressure  driven 
flows,  that  this  ratio  varied  semi-logarithimically  and  correlated  with  for  y+  <  500.  The  data  of 
Chesnakas  support  the  observation  of  Oilmen  and  Simpson  (see  the  Appendices  for  specific  plots 
for  this  ratio).  The  ratio  is  zero  near  the  wall  and  then  is  a  decreasing  function  of  y"^  up  to  y"^  of 
500  where  it  becomes  uncorrelated.  This  correlation  appears  to  break  down  for  the  plane  of  data 
furthest  downstream  in  the  Chesnakas  experiment.  The  values  of  y"^  could  not  be  determined 
directly  for  all  of  the  flows  included  in  the  present  study  so  the  data  were  compared  on  y/6.  Since 
this  is  simply  a  different  scaling  for  the  y  variable,  the  similarities  in  the  ratio  should  be  apparent. 
The  scale  factors  for  the  y  variable  at  each  x,  z  location  are  constants  for  a  given  profile.  Thus  the 
difference  in  a  plot  of  a  parameter  between  two  different  scales  is  a  slightly  different  slope  due  to 
the  expansion  or  contraction  of  the  y  coordinate  scale,  the  inherent  behavior  of  the  parameter  is 
preserved.  For  Schwarz,  this  ratio  attained  its  largest  positive  value  with  the  data  nearest  the  wall 
then  decreased  towards  the  outer  layer.  It  was  uncorrelated  in  the  crossflow  development  phase  of 
the  flow  but  well  correlated  in  the  crossflow  decay  region  of  the  flow.  Pompeo's  experiment 
illustrated  different  behavior  for  this  ratio  in  the  converging  and  diverging  test  sections.  For  the 
diverging  case,  the  data  closest  the  wall  produced  the  largest  value  of  the  ratio  which  decayed 
towards  zero.  The  converging  case  illustrated  a  large  positive  value  of  this  ratio  near  the  wall 
which  tended  toward  zero.  The  spinning  disk  of  Littell  produced  a  value  of  this  ratio  that  achieved 
a  large  negative  value  nearest  the  wall  and  tended  toward  zero  as  the  velocity  reduced  towards  the 
free  atmosphere.  These  last  results  differed  from  the  behavior  observed  by  Ol9men  and  Simpson 
but  the  ratio  still  appeared  to  act  as  a  function  of  y.  The  results  of  the  present  study  confirm  the 
observation  that  the  uw  Reynolds  stress  can  be  of  similar  magnitude  as  the  vw  stress  in  3D  TBLs. 
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3.4.2  The  ratio  uv  /  vw 

The  ratio  of  uv  to  vw  was  computed  for  some  of  the  flows  in  this  study.  The  results  were 
similar  to  the  ratio  vw  /  uw  but  tended  to  collapse  from  station  to  station  with  less  correlation. 
The  degree  of  scatter  in  these  results  were  greater  than  the  previous  ratio.  The  value  in  presenting 
these  results  is  minimal  so  they  are  just  mentioned  here.  Figures  of  results  are  presented  in 
appendix  B  -  L  where  appropriate. 

3.4.3  The  relationship  (v^  /u^) 

Parameters  similar  to  Nagano  and  Tagawa  (1993)  were  derived  for  3D  flow  by  Olgmen 
(1995)  and  put  to  test  as  part  of  this  study.  These  are  presented  in  the  next  section.  In  discussion 
of  these  parameters,  it  was  determined  that  for  these  parameters  to  maintain  a  constant  value,  the 
square  root  of  the  ratio  of  v^  to  should  approximate  a  constant  across  the  regions  where  these 
parameters  could  be  considered  constant.  Therefore,  the  square  root  of  the  ratio  of  v^  to  was 
calculated  and  examined  for  each  of  the  flow  cases  in  this  study. 

The  Pompeo  data  (Figure  3.20)  indicate  that  this  ratio  is  somewhat  constant  across  the 
TBL  for  their  experimental  setup.  It  increases  slightly  from  0.58  to  0.68  across  the  range  0. 1  <  y/5 
<  0.8.  As  their  apparatus  produced  little  streamwise  pressure  gradient,  this  is  consistent  with  the 
value  of  0.6  from  the  Driver  data  with  no  pressure  gradient  (Figure  3.24).  The  lateral  strain  rate  or 
spanwise  pressure  gradient  did  not  appear  to  affect  this  ratio. 

The  data  of  Schwarz,  Figure  3.21,  support  the  observations  made  in  the  previous 
experiment  and  the  experiment  of  Driver.  For  the  upstream  stations  in  the  30°  bend,  this  ratio  is 
approximately  constant  at  a  value  of  0.6  then  increases  beyond  y/8  of  0.7-0.8.  The  downstream 
section  showed  the  parameter  to  increase  to  values  near  0.7  as  the  flow  progressed.  The  majority 
of  their  test  section  had  zero  streamwise  pressure  gradient,  but  the  latter  part  of  their  test  section 
was  subjected  to  a  slight  adverse  pressure  gradient  which  is  reflected  in  the  behavior  of  this 
parameter.  This  ratio  seems  to  be  extremely  sensitive  to  slight  changes  in  streamwise  pressure 
gradient. 

The  data  of  Olgmen  (Figure  3.22)  show  a  similar  functional  dependence  on  y"*"  as  the 
Chesnakas  flow  (Figure  3.23)  but  tend  to  be  less  correlated  from  station  to  station.  The  lack  of 


correlation  is  again  attributed  to  the  complexity  of  the  flow  (see  section  2.2.1 1).  The  main  feature 
to  be  observed  in  this  data  is  the  lack  of  the  constant  region  for  this  parameter.  For  y*  >  100,  the 
ratio  is  an  increasing  function  of  y"^  with  different  slopes  for  different  stations.  A  great  degree  of 
influence  from  the  inner  layer  fluid  is  suspected  for  this  flow  case. 

For  the  Chesnakas  data,  this  ratio  is  presented  on  a  logarithmic  scale  to  accent  the  near 
wall  behavior  (Figure  3.23).  The  degree  of  correlation  for  each  station  for  this  parameter  is  high 
throughout  this  entire  flow.  The  value  approaches  zero  close  to  the  wall  (at  y'^  of  10  it  is  0.15)  and 
increases  as  a  function  of  y"^.  Near  y^  =  100,  the  parameter  begins  to  approximate  a  constant 
value,  0.65-0.7  for  this  flow.  In  the  outer  layer,  the  parameter  becomes  less  correlated. 

The  data  of  Driver  produced  good  correlation  of  this  ratio  from  station  to  station,  but  had 
variations  for  the  different  flow  cases.  Figure  3.24.  This  indicates  an  influence  of  pressure 
gradient  on  this  parameter.  All  flow  cases  tended  to  exhibit  a  similar  functional  dependence. 
Nearest  the  wall,  the  value  rose  sharply  from  zero  to  a  somewhat  constant  value  near  y/5  =  0.1  (0.2 
for  cases  with  pressure  gradient  applied).  The  section  where  it  approximated  a  constant  value 
persisted  up  to  y/5  of  0.7-0.8  where  it  began  to  increase  as  the  boundary  layer  edge  was 
approached.  For  cases  with  no  pressure  gradient  applied,  the  parameter  reached  an  average  value 
of  0.6  by  y/6  =  0.1.  It  tended  to  be  better  correlated  among  the  stations  nearer  the  wall  and  had 
increased  scatter  in  the  outer  region.  The  cases  with  a  pressure  gradient  had  a  somewhat  linear 
dependence  between  0.03  <  y/5  <  0.2  that  began  at  a  value  of  0.55  and  reached  a  value  of  0.8 
which  it  approximately  maintained  to  the  point  where  it  began  to  increase  in  the  outer  layer.  In 
comparison  to  the  non-pressure  gradient  cases,  the  pressure  gradient  cases  tended  to  have  less 
correlation  near  the  wall  but  greater  correlation  in  the  outer  layer.  The  effects  of  shear  appear 
minimal  based  on  this  experiment. 

The  data  of  Littell  are  interesting  in  the  reversal  of  functional  dependence  with  height  of 
this  parameter.  Figure  3.25.  It  attains  its  greatest  value  nearest  the  wall  and  then  seems  to  decrease 
linearly  with  y/5.  The  degree  of  correlation  is  less  than  observed  in  the  Driver  data.  This  seems  to 
imply  that  the  v  velocity  fluctuation  is  greater  with  respect  to  the  u  velocity  fluctuation  in  the 
presence  of  a  mean  flow  independent  of  its  proximity  to  a  solid  surface.  The  values  begin  near  0.6 
at  y/5  of  0.1  and  decrease  to  0.4  at  y/5  of  0.7,  the  outer  layer  is  too  scattered  to  discern  any 
information  from. 

The  experiment  of  McMahon  presented  the  least  amount  of  correlation  for  this  parameter, 
assumed  to  be  due  to  the  uncertainty  in  the  data.  The  upstream  data  plane  (Figure  3.26)  shows  the 
parameter  to  initially  increase,  attain  a  maxima,  level  out  or  decrease,  then  increase  throughout  the 
remainder  of  the  boundary  layer.  It  is  difficult  to  compare  the  location  of  these  features  as  a  non- 
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dimensionalized  function  of  distance  from  the  wall  as  neither  8  or  was  able  to  be  determined 
from  the  information  presented  in  the  data  report.  The  downstream  plane  of  data  (Figure  3.27) 
showed  this  parameter  to  be  an  increasing  function  of  y  with  significant  scatter.  Values  in  the 
middle  of  the  layer  tended  to  range  from  0.8- 1.0. 

3.4.4  The  relationship  = 

uw 

The  inverse  of  this  parameter  multiplied  by  the  vw  !  uw  shear  stress  ratio  was 
investigated  for  a  few  cases  directly,  but  can  be  inferred  from  the  plots  of  the  individual 
components  of  this  parameter  as  reported  elsewhere  in  this  report.  The  data  of  Baskaran  produced 
results  that  had  a  degree  of  correlation  such  that  no  conclusive  observations  were  able  to  be  made. 
The  data  of  Littell  showed  a  trend  in  this  parameter  similar  to  the  behavior  of  the  ratio  -  vw  /  -mw 
for  this  flow.  The  results  are  presented  in  Figure  3.28.  It  had  values  near  -0.6  to  -0.7  nearest  the 
wall  and  tended  to  increase  as  the  boundary  layer  was  traversed  reaching  values  near  zero  at  8. 
For  the  experiment  of  McMahon,  the  results  are  similar  to  the  square  root  of  the  ratio  of  to 
for  that  flow,  Figure  3.26  and  Figure  3.27.  The  results  of  this  parameter  are  presented  in  Figure 
3.29  and  Figure  3.30.  There  are  a  few  modifications,  the  values  change  and  the  functional 
dependence  is  modified  near  the  wall  for  the  upstream  plane  and  away  from  the  wall  for  the 
downstream  plane.  The  values  nearest  the  wall  are  negative  (-0.3)  and  the  initial  maxima  that  was 
observed  is  now  gone.  For  the  downstream  plane,  the  outer  layer  values  do  not  tend  to  increase  as 
the  boundary  layer  edge  is  approached,  they  either  level  off  or  decrease.  Other  results  are 
presented  in  the  appendices. 


3.5  Nagano  and  Tagawa  parameters 

Following  the  derivation  of  several  parameters  for  2D  TBLs  by  Nagano  and  Tagawa 
(1990,  1991),  Ol9men  (1995)  derived  their  equivalent  for  3D  TBLs.  He  tested  these  parameters  on 
his  wing-body  junction  data.  As  part  of  the  present  study,  these  parameters  were  examined  for 
various  data  sets.  The  definitions  of  the  parameters  as  used  in  this  study  follow; 


II: 


M'V 


B  =  -1.33. 


(3.2) 


1  M-’ 


+ 


1  v’ 


(3.3) 


They  are  referred  to  as  correlation  I,  II,  and  III  in  the  plots  and  text.  To  examine  the 
characteristics  of  these  equations,  designation  of  the  left  hand  and  right  hand  sides  of  the  equations 
as  LHS?  and  RHS?  respectively  was  applied,  where  the  ?  is  replaced  by  the  appropriate  correlation 
number;  I,  11,  or  III.  The  results  are  presented  in  appendix  M.  For  the  data  of  Pompeo,  these 
correlations  do  not  appear  to  hold.  When  formulated  as  RHS-LHS  of  any  correlation,  the  values 
across  the  boundary  layer  are  not  zero.  They  are  closest  to  zero  nearest  the  wall  but  differ  greatly 
towards  6  and  also  differ  for  the  converging  and  diverging  test  cases.  The  ratio  LHS/RHS  should 
be  near  +1  which  is  seen  to  not  be  the  case.  The  data  of  Schwarz  also  do  not  support  these 
relationships  across  the  entire  layer.  However,  for  y/6  <  0.3  it  appears  that  they  may  hold.  The 
difference  RHS-LHS  shows  that  all  three  correlations  are  near  zero  for  all  of  the  stations  in  this 
flow.  The  interpretation  is  slightly  confused  by  the  results  of  the  ratio  LHS/RHS  since  nearest  the 
wall  data  is  the  farthest  from  +1,  and  the  data  in  the  outer  layer  all  seems  to  collapse  to  a  value  of  - 
1 .  The  Chesnakas  data  does  not  approximate  a  constant  value  across  the  boundary  layer  for  these 
correlations.  It  is  flatter  in  the  region  40  <  y"^  <  400,  but  the  uncertainty  bounds  on  the  experiment 
do  not  support  a  constant  relationship.  As  separation  is  approached,  the  correlations  exhibit  more 
scatter  from  station  to  station. 


3.6  The  ai  relationship  of  Chesnakas 

Chesnakas  and  Simpson  (1994)  illustrate  the  reduction  in  the  aj  parameter  as  discussed  in 
Chapter  1  for  many  flow  cases.  They  state  that  this  reduction  in  ai  for  3D  flows  does  not  attain  a 
common  value  from  experiment  to  experiment  and  from  station  to  station  in  some  cases.  They  use 
the  data  of  the  6:1  prolate  spheroid  experiment  to  develop  and  propose  a  scaling  to  account  for  this 
reduction.  The  scaling  is  stated  to  be  correlated  with  the  three-dimensionality  of  the  flow,  as 
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suggested  by  their  data  set.  As  part  of  the  current  study,  this  scaling  was  examined  for  some  other 
3D  TBLs. 

The  correlation  was  implied  when  they  plotted  the  value  of  a  i  at  a  mid-profile  location  v.  a 
non-dimensional  representation  of  the  three-dimensionality  (Figure  3.31a).  The  value  of  a|  used 
was  chosen  from  locations  of  y"^  <  200  in  a  somewhat  arbitrary  fashion.  It  was  chosen  to  be  near 
the  beginning  of  the  log-layer.  The  non-dimensional  three-dimensionality  parameter  was  Ap/Ree, 
where  AP  is  the  maximum  change  in  flow  angle  across  the  boundary  layer  (radians).  They  fit  the 
following  curve  to  the  data, 


aj  =  ajg  •  sec  b\ 


18,800 


Ab 


Re 


q/ 


(3.4) 


where  aio  =  0.145,  is  the  value  for  ai  with  no  3D  effects.  This  fit  requires  that  a\  approach  zero 
with  increasing  three-dimensionality.  Also  they  note  that  the  value  for  aj  calculated  does  not  apply 
throughout  the  entire  boundary  layer.  Flack  and  Johnston  (1994)  stated  that  ai  must  vary  with  y"^ 
near  the  wall  and  approach  0  at  the  wall.  They  proposed  a  curve  fit  for  ai  for  their  data  near  the 
wall. 


y'*'  =  ma^  +e^‘^ 


- 1  -  ca, 


(3.5) 


where  m=150,  c=33,  and  B=0.02.  Chesnakas  reported  that  this  scaling  did  not  work  with  the 
prolate  spheroid  data  and  the  DNS  data  of  Spalart  (1988).  Based  on  the  prolate  spheroid  data, 
Chesnakas  suggested  the  following  scaling  to  describe  the  behavior  of  ai. 


=  a 


lo 


sec/i 

18,180  ^ 

tanh 

f/) 

1 

(25) 

(3.6) 


The  results  that  Chesnakas  and  Simpson  (1994)  obtained  are  shown  in  Figure  3.31b. 

The  scaling  was  tested  for  the  Schwarz  flow.  The  results  are  presented  in  Figure  3.32a. 
As  illustrated,  the  correlation  does  not  collapse  from  station  to  station  and  does  not  show  much 
more  approximation  to  a  constant  than  ai  itself  Figure  3.32b  shows  the  values  of  ai  used  verses 
the  three-dimensionality  parameter.  It  shows  that  the  effects  seen  in  the  prolate  spheroid  flow  are 
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not  present  here.  That  is  ai  does  not  decrease  to  the  same  degree  with  the  addition  of  crossflow. 
One  reason  this  may  differ  is  the  lack  of  near  wall  data,  however  the  choice  of  ai  was  relatively 
close  to  the  beginning  of  the  log-layer.  The  experiment  of  Ol9men  was  also  used  to  test  this 
scaling.  The  results  are  presented  in  Figure  3.33.  The  investigation  of  the  choice  of  flow  angle 
difference  was  examined  here.  The  normalized  sl\  correlates  best  when  the  difference  between  the 
flow  angle  at  the  particular  y"^  and  the  wall  flow  angle  is  used.  The  other  flow  angle  differences 
indicated  in  the  figures  do  not  correlate  the  data  from  station  to  station  well  enough  to  draw  any 
conclusions  other  than  the  near  wall  scaling  appears  to  behave  logarithmically  not  linearly  as 
predicted  by  Flack  and  Johnston  (1994). 

It  was  observed  previously,  as  noted  in  Chapters  1  and  2,  that  the  value  of  aj  does  not 
always  behave  similarly  for  different  3D  flows.  Sometimes  the  value  can  increase  from  the 
expected  2D  value,  as  in  the  convex  flow  geometry  as  Baskaran  (1987),  but  generally  it  will 
decrease.  Other  3D  effects,  such  as  in  Pompeo,  the  divergence  from  the  2D  value  is  minimal.  The 
good  correlation  illustrated  in  Chesnakas  and  Simpson  (1994)  is  most  likely  a  result  of  the  curve  fit 
being  generated  from  their  data.  Thus  it  will  be  weighted  to  favor  those  particular  results.  The 
present  study  shows  that  a  function  requiring  ai  to  always  decrease  with  increasing  three- 
dimensionality  will  not  apply  to  the  most  general  case  including  all  3D  TBLs.  If  ai  is  to  be  used  as 
a  modeling  parameter  for  3D  flows,  more  work  is  needed  in  determining  the  effects  of  three- 
dimensionality  on  it. 


3.7  Conclusions 

Parameters  and  correlations  were  presented  in  this  chapter  that  directly  related  to  the 
Reynolds  stresses.  Various  complimentary  parameters  and  ratios  are  presented  in  the  early 
sections  of  the  appendices  as  well.  The  1/S  parameter  was  the  best  behaved  parameter  to  aid  in  the 
modeling  effort.  It  relates  the  -uv,  -vw,  and  Reynolds  stresses.  It  provides  a  relationship  for 
these  three  Reynolds  stresses  that  is  independent  of  coordinate  system  when  chosen  with  y  normal 
to  the  wall.  The  parameter  approximates  a  fairly  constant  value  over  the  inner  region  of  the  flow, 
0.3  <  y/6  <  0.8  for  each  station.  The  values  from  station  to  station  and  flow  to  flow  do  not  tend  to 
vary  much  either,  0.55  -  0.85.  The  1/S  parameter  is  similar  in  form  and  behavior  to  the  ai 
parameter  which  relates  the  -uv,  -vw,  v'  ,  and  Reynolds  stresses.  Some  advantages  are 
that  1/S  uses  fewer  variables  reducing  the  number  of  overall  equations  required.  Another  benefit 
that  was  illustrated  by  this  study  was  that  the  1/S  parameter  approximated  a  constant  behavior  for 


the  region  mentioned  above  for  the  purely  shear  driven  flow  of  Littell  where  ai  was  continually 
decreasing.  The  1/S  parameter  would  be  useful  in  complimenting  modeling  efforts  to  relate  the 
three  Reynolds  stresses  in  its  approximately  range.  Other  parameters  were  presented  that  have 
good  correlation  from  station  to  station  but  maintain  a  functional  dependence  on  the  y  variable. 
These  may  be  useful  as  well  for  modeling  efforts,  but  the  functional  form  was  not  sought  or 
estimated  here.  It  was  also  see  that  the  C  parameter  and  the  ai  correlations  of  Olcmen  and 
Chesnakas  worked  well  for  their  particular  flows  but  did  not  correlate  for  the  flows  presented  in  the 
present  study. 
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Table  3.1  The  order  of  geometrical  (or  flow)  complexity  for  discussion  of  the  test  cases. 


# 


Experimental  Test  Case 

Characteristics 

Appendix 

Identifier 

Pompeo  (1992) 

plane  of  symmetry  flow 

with  an  added  centerline 
spanwise  rate-of-strain 

B 

Schwarz  and  Bradshaw 
(1992) 

mild  pressure-driven  flow 
with  no  imbedded 
streamwise  vortices 

C 

Schwarz 

Pressure- 
driven  TBL 
with  mild 

streamwise 

pressure 

gradient 

effects 

Ol9men  and  Simpson 
(1995) 

stronger  pressure-driven 
flow  with  no  embedded 
streamwise  vortices 

D 

Ol9men 

Baskaran  and  Bradshaw 
(1987) 

pressure-driven  flow  with 
streamwise  curvature  and 
no  embedded  streamwise 
vortices 

E 

Baskaran 

Chesnakas  and  Simpson 
(1994) 

pressure-driven  flow 
generated  by  a  body  in  the 
free-stream 

F 

Chesnakas 

Pressure 
driven  3D 

TBL 

approaching 

separation 

Kreplin  and  Stager  (1993) 

same  geometry  as 

Chesnakas  but  the  data  was 
taken  with  different 
measurement  techniques 

G 

Stager 

Barberis  and  Molton 
(1993) 

body  at  angle  of  attack 
with  separation 

H 

Molton 

Driver  and  Johnston 
(1990) 

relaxing  spanwise  shear- 
induced  flow  with 
external  free  stream 

I 

Driver 

3D  TBL 
generated  by 
surface  shear 

Littell  and  Eaton  (1991) 

shear-driven  flow  with  no 
external  free-stream 

J 

Littell 

Devenport  and  Simpson 
(1992) 

large  vertical  velocity  in 
the  vortices  in  addition  to 
the  free-stream 

K 

Devenport 

Wing-body 

junction 

flows 

McMahon,  Hubbartt,  and 
Kubendran  (1982) 

large  vertical  velocity  in 
the  vortices  in  addition  to 
the  free-stream 

L 

McMahon 

Table  3.2  X-Locations  for  the  experimental  stations  of  Driver. 


BSO 

BSl 

CSl 

DSO 

DSl 

■■ 

X  (mm) 

X  (mm) 

X  (mm) 

X  (mm) 

X  (mm) 

XI 

-330.2 

-457.2 

-457.2 

-457.2 

-457.2 

-457.2 

-457.2 

X2 

-152.4 

-330.2 

-330.2 

-330.2 

-330.2 

-152.4 

-152.4 

X3 

-12.7 

-228.6 

-228.6 

-228.6 

-228.6 

-76.2 

-76.2 

X4 

6.3 

-152.4 

-152.4 

-152.4 

-152.4 

-12.7 

-12.7 

X5 

12.7 

-76.2 

-76.2 

-76.2 

-76.2 

0.0 

0.0 

X6 

25.4 

-12.7 

101.6 

-12.7 

-12.7 

12.7 

12.7 

X7 

50.8 

12.7 

152.4 

12.7 

12.7 

25.4 

25.4 

X8 

101.6 

152.4 

228.6 

48.3 

48.3 

228.6 

304.8 

50.8 

50.8 

101.6 

101.6 

XIO 

228.6 

304.8 

101.6 

101.6 

152.4 

152.4 

Xll 

304.8 

152.4 

228.6 

228.6 

X12 

457.2 

228.6 

228.6 

304.8 

304.8 

Ir/pl/ v2 


Y/c5 

Figure  3.2  1/S  for  the  Pompeo  data.  Centerline  stations  (symbols  only)  have  the  x  location 
shown  in  mm.  Off  centerline  stations  (lines)  were  at  x  =  KXK)  mm,  the  z  location  is  shown 
in  mm.  Closed  and  open  symbols  are  for  the  diverging  and  converging  duct,  respectively. 
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y/6 

a  1/S  for  the  concave  test  case  of  Baskaran 
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Figure  3.7.c  1/S  for  the  x/L=0.75  (closed  symbols)  and 
x/L=0.76  (open  symbols)  of  Chesnakas 


y/<5 

Figure  3.7.d  1/S  for  Chesnakas  at  x/L  =  0.77 


Figure  3.8  1/S  for  Chesnakas  and  Simpson,  a  =  10°  at  x/L  =  0.4. 


The  peripheral  angle  from  the  windward  side  (tb)  is  indicated. 


1300 


Figure  3.10  a  description  of  the  rearward  section  of  the  experiment  of  Molton. 
The  longitudinal  vortices  are  illustrated,  (fig.  20  from  Barberis  and  Molton,  1993) 
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Figure  3.1 1. a  1/S  for  the  windward  plane  of  symmetry  ( (j)=0 )  for 
the  experiment  of  Molton.  The  x-location  (XGl)  is  given  in  mm. 


Figure  3. 1 1  .b  1/S  for  the  experiment  of  Molton  for 
<t»  =  -5  The  x-location  (XGl)  is  given  in  mm. 
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Figure  3. 1 1  ,c  1/S  for  the  experiment  of  Molton  for 
(j)  =  -10  The  x-location  (XGl)  is  given  in  mm. 


Figure  3. 1 1  .d  1/S  for  the  experiment  of  Molton  for 
(|)  =  -15  The  x-location  (XGl)  is  given  in  mm. 
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Figure  3. 12.a  1/S  for  the  experiment  of  Molton  for 
x=900  mm  for  the  data  taken  in  backscatter  mode. 
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Figure  3.12.b  1/S  for  the  experiment  of  Molton  for 
x=l  100  mm  for  the  data  taken  in  backscatter  mode. 
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Figure  3. 12.c  1/S  for  the  experiment  of  Molton  for 


x=1300  mm  for  the  data  taken  in  backscatter  mode. 
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Figure  3.12.d  1/S  for  the  experiment  of  Molton  for 
x=1300  mm  for  the  data  teiken  in  backscatter  mode. 
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Figure  3.13b.  1/S  for  stations  of  case  BSl  of  Driver  and  Johnston:  an  axisymmetric  flow 
with  a  mild  adverse  pressure  gradient,  relaxing  from  an  upstream  shear-driven  condition. 
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Figure  3.13c.  1/S  for  stations  of  case  CSl  of  Driver  and  Johnston:  an  axisymmetric  flow 
with  a  strong  adverse  pressure  gradient,  relaxing  from  an  upstream  shear-driven  condition. 


Figure  3.13d.  1/S  for  stations  of  case  DSl  of  Driver  and  Johnston:  Axisymmetric  flow 
with  a  strong  adverse  pressure  gradient,  relaxing  from  an  upstream  shear-driven  condition. 
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Figure  3. 13e.  1/S  for  stations  of  case  BSO  of  Driver  and  Johnston. 


Axisymmetric  flow  with  a  mild  adverse  pressure  gradient  but  no  shear. 
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Figure  3.13f.  1/S  for  stations  of  case  CSO  of  Driver  and  Johnston. 
Axisymmetric  flow  with  a  mild  adverse  pressure  gradient  but  no  shear. 
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Figure  3.14.  1/S  for  Littell  and  Eaton.  This  is  a  purely  shear  driven  flow  with 
a  stationary  atmosphere  above  the  rotating  disk.  Stations  are  indicated  by  radius 
and  Reynolds  number  (x  10“^).  The  number  2_,  3_,  or  4__  represent  a  radius  of 
0.235  m,  0.356  m,  or  0.421  m  respectively,  i.e.  Reynolds  number  designation 
_100  implies  100e4  or  1,000,000  ... 
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Figure  3.15b.  The  1/S  parameter  for  the  plane  4  of  the  wing-body  junction  flow  of  Devenport. 
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Figure  3.15c.  The  1/S  parameter  for  the  plane  5  of  the  wing-body  junction  flow  of  Devenport. 
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Figure  3.15d.  The  1/S  parameter  for  the  plane  8  of  the  wing-body  junction  flow  of  Devenport 
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Figure  3.19a  The  S  parameter  for  the  6:1  prolate  spheroid  flow  of  Chesnakas.  x/L  =  0.40 


Figure  3.19b  The  S  parameter  for  the  6:1  prolate  spheroid  flow  of  Chesnakas.  x/L  =  0.60 
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Figure  3.19c  The  S  parameter  for  the  6:1  prolate  spheroid  flow  of  Chesnakas. 
x/L  =  0.75  (closed  symbols)  and  x/L  =  0.76  (open  symbols) 


Figure  3.19d  The  S  parameter  for  the  6:1  prolate  spheroid  flow  of  Chesnakas.  x/L  =  0.77 
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Figure  3.22  v  /«  I  calculated  in  wall  stress  coordinates  for  the  experiment  of  Olcmen. 
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Figure  3.24a  for  experiment  of  Driver.  This  is  case  ASl. 

The  flow  is  relaxing  from  a  shear  induced  state  without  a  streamwise 
adverse  pressure  gradient.  Stations  1-3  are  above  the  rotating  cylinder. 


Figure  3.24b 


for  experiment  of  Driver.  This  is  case  BS 1 . 


The  flow  is  relaxing  from  a  shear  induced  state  with  a  mild  streamwise 
adverse  pressure  gradient.  Stations  1-5  are  above  the  rotating  cylinder. 
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The  flow  has  no  shear  but  a  strong  streamwise  adverse  pressure  gradient. 
Stations  1-4  are  above  the  rotating  cylinder. 


The  flow  is  relaxing  from  a  shear  induced  state  with  a  strong  streamwise 
adverse  pressure  gradient.  Stations  1-4  are  above  the  rotating  cylinder. 
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indicated  by  radius  and  Reynolds  number  (x  10'*).  The  number  2_,  3_,  or 
4_,  represent  a  radius  of  0.235  m,  0.356  m,  or  0.421  m  respectively,  i.e. 
Reynolds  number  designation  _100  implies  100e4  or  1,000,000  ... 
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indicated  by  radius  and  Reynolds  number  (x  10"^).  The  number  2_,  3_,  or 
4_,  represent  a  radius  of  0.235  m,  0.356  m,  or  0.421  m  respectively,  i.e. 
Reynolds  number  designation  _100  implies  100e4  or  1,000,000  ... 
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Figure  3.31b  Figure  18  from  Chesnakas  and  Simpson  (1994).  The  mid-layer  values  of  a\, 
that  were  choosen,  v.  the  three-dimensionality  parameter.  The  line  represents  equation  3.4. 
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Figure  3.32a  The  a|  scaling  relationship  of  Chesnakas  and  Simpson  (1994)  for  the  experiment  of 
Schwarz.  The  values  of  a]  are  normalized  on  the  value  of  aj  computed  from  equation  3.4. 
Stations  0-12  represent  crossflow  development  and  12-20  crossflow  decay. 
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Figure  3.32b  The  values  of  aj,  that  were  choosen,  v.  the  three-dimensionality  parameter  proposed 
by  Chesnakas  and  Simpson  (1994)  for  experiment  of  Schwarz.  The  line  represents  the  curve  fit  of 

Chesnakas,  equation  3.4. 
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Figure  3.33a  The  a]  scaling  relationship  of  Chesnakas  and  Simpson  (1994) 
for  the  experiment  of  Oilmen.  The  values  of  aj  are  normalized  on  the 
value  of  ai  computed  from  equation  3.4.  AP  used  here  is  Piocai  -  Pwaii 


Figure  3.33b  The  a|  scaling  relationship  of  Chesnakas  and  Simpson  (1994) 
for  the  experiment  of  6l9men.  The  values  of  ai  are  normalized  on  the 
value  of  ai  computed  from  equation  3.4.  AP  used  here  is  Pfs  -  pwaii 
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Figure  3,33c  The  aj  scaling  relationship  of  Chesnakas  and  Simpson  (1994) 
for  the  experiment  of  Ol9men.  The  values  of  ai  are  normalized  on  the 
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Chapter  4  Results  and  Discussion  (Triple  Product  Relationships) 


This  chapter  focuses  on  the  discussion  of  parameters  formed  from  triple  products  of 
turbulent  fluctuating  velocities.  The  chapter  follows  the  conventions  adopted  and  described  in  the 
opening  paragraph  of  chapter  3.  Results  are  presented  in  an  order  based  upon  the  complexity  of 
the  flows  and  experimental  data  sets  are  called  by  the  name  of  one  of  the  authors  in  the  study. 
Appendices  B-L  contain  additional  figures  that  were  not  directly  relevant  to  the  discussion.  This 
organization  is  detailed  in  Table  3.1. 

The  main  focus  of  deriving  algebraic  modeling  parameters  involving  the  triple  products 
was  discussed  in  chapter  1.  Simpson  (1995)  proposed  the  use  of  equations  1.1  -  1.3  and  1.6  -  1.8 
as  the  minimum  set  of  equations  necessary  to  account  for  the  lags  observed  in  turbulent  flows.  The 
turbulent  transport  equations,  equation  1.6  -  1.8,  involve  the  turbulent  triple  products;  uv^ ,  v~w, 
and  V  .  Relationships  involving  these  triple  products  are  the  focus  of  the  present  study. 

These  triple  products  were  normalized  on  several  different  quantities  to  search  for  any 
common  behavior  between  flows  or  stations.  This  portion  of  the  research  did  not  produce  any 
significant  results.  The  quantities  did  not  produce  linear  or  constant  results  and  were  not 
correlated  very  well  between  stations.  It  appears  that  the  normalizing  parameters  chosen  had  a 
significant  weighting  effect  on  the  individual  triple  products.  Several  plots  are  included  in  the 
appendices  to  illustrate  the  results.  These  primary  results  led  to  the  examination  of  ratios  and 
eventually  combinations  of  the  triple  products.  The  work  was  progressive  and  sample  results  are 
included  in  appendices  B-L. 


4.1  B  Parameters 


The  first  set  of  triple  product  parameters  that  will  be  discusses  were  defined  as  the  B 
family  of  parameters.  The  first  of  these  was  B]  and  is  given  by  the  relationship: 


=  v^/^Juv 


2^  —2 
+  W  V 


(4.1) 


In  the  appendices,  several  figures  will  appear  with  this  B]  parameter.  It  is  dependent  on  the  choice 
of  coordinate  system  and  due  to  an  early  misconception,  it  does  not  involve  the  desired  triple 
products.  A  similar  parameter  was  devised  that  includes  the  triple  products  of  interest  to  a 


modeling  effort  that  employs  equations  1.1  -  1.3  and  1.6  -  1.8.  For  simplicity  in  discussion  and  in 
presentation  of  the  results  in  figures,  this  ratio  was  defined  to  be  B2  and  is  the  following  ratio: 


(4.2) 


A  benefit  for  this  triple  product  configuration  is  its  independence  of  coordinate  system  choice. 

The  study  illustrated  that  the  two  B  parameters  exhibited  similar  behavior  for  the  same 
stations  of  the  same  flows.  In  some  cases,  the  B2  parameter  had  better  correlation  and  was  chosen 
to  represent  this  particular  combination  of  the  triple  products.  For  more  details  on  the 
characteristics  of  the  Bi  parameter,  refer  to  appendices  B-G  and  K-L. 

Overall,  B2  approximates  a  constant  function  from  0.3  <  y/5  <  1.0  of  0.7  -  1.0  for  the 
experiments  presented  in  this  study.  An  exception  to  this  is  the  experiment  of  Littell  which  will  be 
discussed  later  in  this  section.  Below  y/5  ~  0.3,  B2  becomes  scattered.  This  scatter  is  due  to  the 
triple  products  passing  through  zero,  or  an  inflection  point,  and  changing  sign  at  different  locations 
as  will  be  illustrated  in  section  4.4.  Near  the  wall,  the  uncertainty  in  the  measurements  increases 
and  the  individual  triple  products  are  more  scattered  themselves. 

For  the  experiment  of  Pompeo,  B2  maintained  a  value  near  0.7  for  y/8  >  0.3,  (figure  4.1). 
Below  this  value  of  y/5,  B2  generally  increases  in  value  and  is  less  correlated.  This  illustrates  that 
imposed  lateral  strain  does  not  have  much  of  an  effect  on  B2.  As  the  boundary  layer  edge  is 
approached,  B2  tends  to  be  more  scattered.  Like  the  1/S  parameter,  the  triple  products  are 
approaching  zero  or  the  constant  value  that  they  attain  in  the  free  stream.  The  rate  of  change  of  the 
triple  products  may  differ  leading  to  less  correlation  in  the  triple  product  parameters. 

In  the  30°  bend  of  Schwarz,  B2  approximates  a  constant  value  for  all  of  the  stations  for  y/5 
>  0.4  as  illustrated  in  Figure  4.2.  When  the  flow  is  divided  into  regions  of  crossflow  development 
and  decay,  as  in  Figures  4.2b  and  4.2c,  greater  insight  into  the  behavior  is  obtained.  For  the 
development  region,  B2  ~  0.8  beginning  at  y/5  =  0.3.  Closer  to  the  wall,  a  small  portion  of  the  data 
illustrates  B2  r  -0.25  while  a  significant  share  of  the  data  remains  near  0.8.  For  the  crossflow 
decay  region  the  value  of  B2  is  closer  to  1.0  for  y/5  >  0.4.  Below  y/5  =  0.4  the  parameter  is  not 
correlated  well.  The  only  significant  observation  in  the  near  wall  region  for  this  part  of  the  flow  is 
that  a  significant  portion  of  the  data  for  B2  are  near  -0.5.  It  appears  that  in  the  decay  region,  the 
flow  is  relaxing  from  the  3D  generating  spanwise  pressure  gradients  and  is  less  likely  for 
parameters  to  correlate  well  in  the  absence  of  turbulence  production. 
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For  the  wing-body  junction  flow  of  Ol9men,  62;:  1.0  for  y/6  >  0.4  as  seen  in  Figure  4.3a. 
The  majority  of  the  data  in  this  experiment  is  in  the  near  wall  region.  With  y  normalized  on  wall 
variables  (figure  4.3b),  B2  appears  to  illustrate  several  regions  with  independent  behavior.  For  y'*' 
>  1000  (y/6  >  0.4)  B2  maintains  a  value  of  1.0.  The  value  of  B2  generally  decreases  and  is 
characterized  by  increased  scatter  for  100  <  y'*’  <  1000  (0.06  <  y/5  <  0.4).  It  then  becomes  fairly 
well  correlated  and  decreases  logarithimically  for  30  <  y"^  <  100  from  1.0  to  -0.5.  Viewed  on  a  log 
scale  against  y/6,  B2  has  less  degree  of  correlation  than  when  y  is  scaled  on  wall  variables  for  the 
near  wall  regions.  As  B2  approaches  the  wall,  it  recovers  quickly  from  -0.5  at  the  end  of  the  linear 
region  and  approximates  a  value  of  0.0.  The  scatter  in  the  parameter  for  this  experiment  seems 
greater  than  previous,  however  one  must  recall  that  previously  we  have  not  been  able  to  view  the 
near  wall  behavior.  The  behavior  may  be  explained  better  after  viewing  more  near  wall  data.  The 
individual  triple  products  wiU  also  illuminate  more  details  of  this  flow. 

The  complex  curvature  flows  of  Baskaran  produce  values  of  B2  that  approximate  a 
constant  value  across  the  boundary  layer.  However  the  value  of  B2  for  the  concave  curvature  case 
varies  from  station  to  station.  Again  the  region  of  good  correlation  is  for  y/6  >  0.4.  The  results  for 
the  concave  curvature  are  presented  in  Figure  4.4a.  The  stations  earlier  in  the  test  section  maintain 
a  value  near  0.65  (stations  1-4).  Station  5  generates  a  value  of  B2  near  1.2,  while  stations  6  and  7, 
which  share  the  same  x-location  show  values  of  B2  of  0.8.  Station  8  and  9  also  maintain  values 
near  0.8  -  0.9.  It  is  hard  to  determine  what  effect  of  the  three-dimensionality  is  causing  the 
observed  behavior  due  to  the  combination  of  effects  at  station  5  in  this  duct.  The  stations  of  the 
convex  curvature  case  share  the  same  z-coordinate  while  the  x-location  progresses  downstream. 
The  downstream  stations  have  the  approximation  to  a  constant  value  of  B2  persisting  closer  to  the 
wall  than  the  downstream  stations.  The  results  are  presented  in  Figure  4.4b.  All  of  the  stations 
maintain  a  value  of  B2  near  0.7  for  this  duct  for  y/6  >  0.5.  Investigation  of  the  triple  products 
individually  will  illustrate  the  progressive  change  in  the  constant  behavior  location  of  B2  with  y. 

The  behavior  of  B2  for  the  Chesnakas  flow  is  illustrated  in  Figure  4.5.  When  y  is  scaled 
on  outer  variables,  B2  is  well  correlated  and  decreases  slightly  from  0.2  <  y/6  <  1.0  in  a  linear 
fashion.  This  is  for  x/L  =  4,  the  other  downstream  planes  are  similar  but  are  less  correlated.  This 
study  emphasized  the  near  wall  region  of  the  TBL  and  B2  is  examined  on  a  logarithmic  plot  and 
with  y  scales  on  wall  variables  to  examine  its  behavior  closer  to  the  wall.  All  of  the  data  seem  to 
become  less  correlated  for  100  <  y"*"  <  300  then  approximate  a  linearly  decreasing  function  from  B2 
=  1.0  (y"^  =  100)  to  B2  =  -1.0  (y"^  =  30).  Below  y"^  =  30,  the  data  is  scattered  but  a  slight  trend  to 
return  to  B2  =  0.0  may  be  observed.  Also,  a  minima  in  B2  may  be  inferred  between  20  <  y^  <  30. 
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In  general,  the  parameter  becomes  more  scattered  with  the  downstream  stations,  or  as  the  adverse 
pressure  gradient  increases. 

The  similar  6:1  prolate  spheroid  of  Stager  yields  similar  trends  to  the  Chesnakas  data  but 
with  greater  scatter  in  the  results.  The  results  for  B2  are  presented  in  Figure  4.6.  An  estimated 
average  value,  if  one  were  to  approximate  B2  as  a  constant  for  this  flow,  would  be  0.6  over  the 
range  y/6  >  0.4.  The  degree  of  scatter  here  prevents  further  insight. 

Figure  4.7  illustrates  B2  for  the  cases  of  the  Driver  experiment  where  the  flow  is  relaxing 
from  a  shear-driven  state.  For  y/5  >  0.2,  B2  approximates  a  constant  value  near  0.8.  The  varying 
adverse  pressure  gradient  does  not  appear  to  have  a  significant  effect  on  this  parameter.  The 
progressive  degree  of  scatter  seen  in  the  Baskaran  and  Chesnakas  flows  is  not  observed  here. 
Therefore  it  is  assumed  that  the  B2  parameter  is  approximately  constant  for  flows  with  adverse 
pressure  gradients  with  values  near  non-adverse  pressure  gradient  flows.  It  appears  that  lateral 
and  longitudinal  wall  curvature  causes  B2  to  loose  its  correlation.  The  near  wall  behavior  of  B2  for 
the  experiment  of  Driver  is  similar  to  that  reported  previously.  The  scatter  is  increased  for  100  < 
y"^  <  300  and  then  it  has  a  linear  decrease  on  a  log  scale.  The  flows  without  shear  tend  to  have 
more  scatter  than  the  shear  induced  3D  cases.  It  appears  that  the  effects  that  generate  three- 
dimensionality  tend  to  stabilize  the  B2  parameter. 

For  the  experiment  of  Littell,  a  pure  shear  driven  flow  with  quiescent  atmosphere,  B2 
behaves  differently  from  the  other  flows  investigated  here.  Like  many  of  the  other  parameters  that 
were  investigated  for  this  flow,  B2  attains  its  maximum  value  near  the  spinning  wall  and  exhibits  a 
linear  decrease  over  the  boundary  layer.  It  is  fairly  correlated  from  station  to  station  when  y  is 
scaled  on  6.  The  results  are  illustrated  in  Figure  4.8.  (Recall  how  the  1/S  parameter  did  not 
exhibit  the  linear  decrease  over  the  boundary  layer,  an  indication  of  its  robust  character.) 


4.2  vq'^  Parameters 


Another  class  of  parameters  that  were  devised  employed  the  algebraic  sum  vq^ ,  or; 


vq^  =  {u^v+\^+\n^v) 


(4.3) 


This  parameter  was  examined  for  the  flows  in  this  study.  As  mentioned  earlier,  several 
normalizing  factors  were  employed  with  the  vq^  parameter  to  make  a  dimensionless  ratio.  It  was 
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determined  that  the  best  way  to  present  this  factor  was  to  use  the  ratio  of  v  to  vq  .  The 
parameter  exhibited  similar  behavior  to  the  B2  parameter,  however  in  some  cases,  it  presented  a 
better  correlation.  For  the  discussion  this  ratio  will  be  referred  to  as  the  normalized  vq^ 
parameter. 

The  experiment  of  Pompeo  has  this  parameter  as  approximately  constant  at  0.3  for  y/6  > 
0.4.  There  is  less  scatter  closer  to  the  wall  than  seen  previously  in  B2.  The  results  for  Pompeo  are 
presented  in  Figure  4.9. 

The  experiment  of  Schwarz  shows  this  parameter  to  correlate  very  well  for  y/5  >  0.4  in  the 
developing  flow  and  for  y/6  >  0.5  in  the  decaying  flow.  The  results  for  the  Schwarz  flow  are 
represented  in  Figure  4.10.  The  values  are  approximately  constant  at  0.35.  There  is  significant 
scatter  in  the  parameter  at  y  values  less  than  these  and  no  conclusions  can  be  drawn  there.  The 
decay  region  shows  a  tendency  for  this  parameter  to  tend  to  infinity  near  y/6  =  0.4.  This  is  where 
the  denominator  goes  to  a  value  near  zero  as  will  be  seen  in  the  plots  of  the  individual  triple 
products. 

ilie  wing-body  junction  flow  of  Oilmen  shows  similar  behavior  (figure  4.11).  For  y/6  > 
0.4  there  is  good  correlation  of  this  parameter  at  an  approximately  constant  value  of  0.35.  Viewed 
with  y  scaled  on  wall  variables,  it  exhibits  similar  behavior  as  B2.  It  has  a  region  of  increased 
scatter  for  100  <  y"^  <  300  and  then  a  linear  decrease  on  a  log  scale  from  30  <  y'^  <  100,  and  finally 
a  return  to  a  constant  value  near  0.0  as  the  wall  is  approached.  The  correlation  in  this  parameter  is 
better  than  B2  for  this  flow. 

The  behavior  of  the  normalized  vq  parameter  for  the  experiment  of  Baskaran  is  again 
better  correlated  than  B2  as  illustrated  in  Figure  4.12.  The  region  where  it  can  be  approximated  as 
a  constant  value  extends  further  towards  the  wall  than  B2  for  the  individual  stations.  The  values 
for  the  individual  stations  are  approximately  constant  for  y/6  >  0.4  and  range  from  0.3  -  0.4.  This 
approximation  to  a  constant  value  may  extend  further  towards  the  wall,  but  the  uncertainty  in  the 
measurements  does  not  permit  further  conclusions  to  be  drawn.  The  values  are  a  bit  better  for  the 
concave  curvature  case  than  the  convex  curvature  case.  The  results  for  the  convex  curvature  case 
exhibit  a  few  decreases  in  the  value  near  y/<i  =  0.5  but  is  still  better  correlated  from  station  to 
station  then  the  B2  parameter.  The  values  appear  to  increase  slightly  with  increased  three 
dimensionality  for  the  convex  case  but  the  uncertainty  masks  conclusive  evidence  of  such  a  trend. 

Figure  4.13  shows  the  normalized  vq  parameter  for  the  experiment  of  Chesnakas.  It 
exhibits  similar  behavior  to  the  B2  parameter  but  it  appears  to  be  better  correlated  from  station  to 
station  and  better  approximate  a  constant  in  the  outer  layer.  For  y"^  >  200  at  x/L  =  0.40  it 
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maintains  a  value  near  0.35  before  becoming  scattered  beyond  5.  Closer  to  the  wall  a  region  of 
logarithmic  behavior  (linear  on  a  log  scale)  occurs  for  30  <  <  100.  It  then  goes  to  -«>.  Nearest 

the  wall  a  value  of  0.2  is  approached.  As  the  flow  approaches  separation,  the  parameter  becomes 
more  scattered,  but  not  as  much  as  B2.  At  x/L  =  0.60,  the  stations  still  approximate  the  behavior 
seen  at  x/L  =  0.40  but  with  a  bit  more  scatter.  In  the  downstream  planes,  due  to  scatter,  the  only 
conclusion  that  may  be  inferred  is  that  this  parameter  as  well  as  B2  can  not  be  applied  to  separating 
flows. 

Stager's  prolate  spheroid  showed  a  similar  response  to  the  onset  of  separation,  however  it 
was  not  as  pronounced  as  for  the  Chesnakas  flow  as  seen  in  Figure  4.14.  This  is  slightly  due  to  the 
vertical  scaling  on  5  rather  than  wall  variables.  But  overall,  it  is  better  correlated  for  the  Stager 
flow  than  the  Chesnakas  flow.  The  x/L  =  0.48,  0.56,  and  0.64  data  planes  illustrate  the 
normalized  vq^  parameter  to  approximate  a  constant  value  of  0.3  for  y/8  >  0.3.  The  scatter  in  the 
data  for  y/6  <  0.4  increases  with  the  onset  of  separation,  but  the  station  to  station  correlation 
mentioned  above  remains  intact.  The  x/L  =  0.73  data  plane  shows  less  correlation  in  this 
parameter,  yet  it  still  seems  to  approximate  a  constant  of  0.3  for  the  outer  layer.  Overall,  the 
normalized  vq  parameter  makes  a  better  approximation  to  a  constant  and  from  station  to  station 
than  B2  for  this  flow.  It  is  unknown  why  such  a  discrepancy  exists  between  this  data  set  and  that 
of  Chesnakas. 

The  adverse  pressure  gradient  flow  of  Driver  illustrated  that  the  normalized  vq^ 
parameter  becomes  less  correlated  with  greater  adverse  pressure  gradients.  It  also  illustrates  that 
the  effects  of  shear  or  three-dimensionality  appear  to  produce  a  stabilizing  effect  on  this  parameter. 
Figure  4.15  contains  the  results.  For  y/6  >  0.4  this  parameter  approximates  a  constant  value  of  0.4 
with  increasing  station  to  station  scatter  for  increased  adverse  pressure  gradient.  Also  the  constant 
value  is  not  approximated  for  the  flow  cases  lacking  the  shear  induced  three  dimensionality.  On  a 
qualitative  level,  this  parameter  exhibits  a  better  approximation  to  a  constant  value  and  station  to 
station  correlation  than  the  B2  parameter  for  the  experiments  of  Driver.  The  near  wall  behavior 
illustrates  a  linear  decrease  for  0. 1  <  y/8  <  0.3  and  then  an  asymptotic  approach  towards  zero. 

The  shear  flow  experiment  of  Littell  does  not  produce  a  normalized  vq^  parameter  that  is 
constant  across  the  boundary  layer.  It  does  exhibit  a  linear  decrease  that  is  correlated  from  station 
to  station.  Over  the  range  0.1  <  y/8  <  0.8,  it  drops  linearly  from  0.3  to  0.2.  It  exhibits  similar 
behavior  as  the  B2  parameter  for  this  flow.  The  results  are  given  in  Figure  4.16. 


4.3  Other  Ratios 


The  normalized  vq^  and  B2  parameters  exhibit  good  turbulence  modeling  parameter 
behavior  for  flows  that  incorporate  triple  products  within  the  modeling  equations.  They 
approximate  constant  values  for  a  large  portion  of  the  outer  region  of  the  boundary  layer  for 
various  flows  and  from  station  to  station.  They  also  exhibit  predictable  behavior  for  other 
seemingly  distinct  regions  of  the  various  experiments.  They  are  invariant  to  a  rotation  about  an 
axis  normal  to  the  adjacent  surface.  In  the  discussion  above  it  was  seen  that  the  normalized  vq 
parameter  appeared  to  correlate  better  than  the  B2  parameter.  This  is  an  important  observation 
since  B2  utilizes  the  triple  products  that  are  required  for  a  model  using  the  equations  presented  in 
chapter  1.  Based  on  this,  a  parameter  similar  to  the  vq  parameter  but  utilizing  the  proper  triple 
products  was  sought.  As  a  first  step  the  relationships  between  the  w^v,  ,  v^w,  and  triple 
products  were  examined.  The  specific  results  are  presented  in  the  respective  appendices  and  the 
overall  results  are  discussed  here.  In  general,  the  ratio  of  uv^  to  u^v  was  fairly  well  correlated  for 
the  outer  region  of  the  boundary  layer  at  a  value  near  -0.7.  Some  flows  exhibited  a  bit  more  scatter 
than  others.  The  ratio  of  vw  to  v  w  was  also  negative  but  it  was  very  small  and  less  correlated. 
Based  upon  these  observations,  the  following  parameter  was  devised. 

(4.4) 


Results  for  this  parameter  in  the  various  flows  is  presented  in  Figure  4.17  through  Figure  4.22. 

The  behavior  of  this  parameter  is  similar  to  the  vq^  parameter  but  a  bit  less  correlated  from 

station  to  station  within  a  given  experiment.  Also  the  approximation  to  constant  values  does  not 

extend  towards  the  wall  with  the  same  value  as  the  vq^  parameter  does.  It  behaves  more  like  the  • 

B2  parameter  as  the  wall  is  approached.  That  is  a  jump  in  the  parameter  is  observed  where  the 

denominator  approaches  zero  then  appears  to  maintain  a  new  yet  constant  value.  The  regions  of 

logarithmic  decrease  as  discussed  in  the  Ol9men  and  Chesnakas  flows  is  observed  for  the  near  wall 

regions.  Overall  the  correlation  of  this  parameter  is  similar  to  that  of  B2  but  worse  than  the  ® 

normalized  vq^  parameter.  It  exhibits  similar  behavior  in  the  presence  of  shear  and  adverse 

pressure  gradients  as  mentioned  for  the  vq^  parameter. 

The  inverse  of  equation  4.4  is. 
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(4.5) 


(v^-V^W-MV^)_^  vV  UV^ 

which  may  seem  trivial  because  the  v^w  term  is  generally  small  and  would  dominate  the 
relationship.  However  when  viewed  independently,  the  terms  in  equation  4.5  do  not  correlate  well 
across  the  boundary  layer.  Plots  of  these  ratios  are  presented  in  the  respective  appendices.  They 
illustrate  the  poor  correlation  of  the  individual  terms  in  comparison  to  the  relationship  given  in 
equation  4.4.  Therefore  it  is  recommended  that  the  parameter  remains  in  the  form  of  equation  4.4 
if  it  were  to  be  used  in  a  turbulence  modeling  effort. 

4.4  Insight  from  Individual  Triple  Products 

The  parameters  presented  above  appear  to  approximate  a  constant  value  or  behave 
predictably  over  regions  of  the  3D  TBL.  It  is  natural  to  wonder  what  is  causing  such  behavior  and 
this  section  is  dedicated  to  investigating  this  point  further.  Since  the  parameters  are  simple 
algebraic  ratios,  an  investigation  of  the  individual  triple  products  of  interest  should  generate  insight 
into  the  behavior  of  these  parameters.  Plots  of  the  individual  triple  products  of  interest  were 
generated  for  each  station  of  the  experiments  that  were  examined.  The  bulk  of  these  reside  in  their 
respective  appendix.  Some  figures  that  are  representative  of  the  bulk  are  presented  in  Figure  4.23 
through  Figure  4.28.  These  will  be  discussed  presently. 

The  triple  products  of  interest  as  pointed  out  in  chapter  1  are;  uv^ ,  v^,  and  v^w.  Figure 
4.23  and  4.24  illustrate  these  triple  products  for  the  experiment  of  Pompeo.  For  the  converging 
duct,  the  v^w  triple  product  is  quite  small  compared  to  uv^  and  v’ .  Also  it  is  shown  that  uv^ 
nearly  mirrors  v  across  the  entire  boundary  layer  with  increased  scatter  in  the  profile  as  the  wall 
is  approached.  The  diverging  duct  illustrates  that  v^w  is  significant  for  this  case  particularly  as 
the  wall  is  approached.  The  v’  triple  product  exhibits  similar  behavior  as  -v^w  but  is  smaller  in 
magnitude.  As  the  denominator  of  B2  is  the  magnitude  of  uv^  and  combined,  it  is  seen  why 
the  B2  parameter  becomes  more  scattered  and  generally  increased  with  the  approach  of  the  wall. 
Also  these  figures  show  that  the  v^w  triple  product  can  not  readily  be  ignored  in  the  parameter.  It 
attains  significant  values  and  appears  to  contribute  to  the  parameters  that  were  introduced  above. 

Figure  4.25  for  the  experiment  of  Schwarz  illustrates  some  more  features  observed  with 
the  parameters.  Figure  4.25a  is  for  station  8  which  is  in  the  developing  3D  region  of  this 
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experiment.  Figure  4.25b  is  for  station  14  in  the  crossflow  decay  region  of  the  duct.  The  behavior 
of  the  triple  products  still  follows  the  discussion  presented  for  the  Pompeo  experiment  where  v^w 
is  typically  small  and  uv^  and  mirror  each  other.  What  may  be  observed  in  this  experiment  is 
the  region  of  the  experiment  closer  to  the  wall  where  the  triple  products  approach  and  pass  through 
zero.  By  comparison  with  the  plots  presented  earlier  for  the  B2  and  parameters,  one  can 
discern  that  this  region  of  decrease  is  where  the  parameter  becomes  scattered.  As  the  flow 
progresses  downstream,  this  interface  progresses  to  a  greater  y  location  in  the  boundary  layer.  As 
was  seen  in  the  parameters,  this  progression  is  generally  halted  near  y/5  =  0.4.  Another 
observation  for  the  Schwarz  flow  is  that  relative  to  the  magnitude  of  uv^  and  ,  v^w  appears  to 
get  smaller  with  the  downstream  stations. 

Figure  4.26  and  4.27  present  the  triple  products  for  the  Baskaran  experiment.  This  flow 
shows  that  v^w  has  a  magnitude  similar  to  which  still  mirrors  MV^and  thus  can  not  be  ignored 
in  a  parameter  that  is  to  apply  to  a  variety  of  experimental  geometries.  It  supports  the  observation 
in  the  Schwarz  experiment  that  as  the  flow  progresses  downstream,  the  point  where  the  triple 
products  approach  and  pass  through  zero  moves  farther  away  from  the  wall.  This  flow  exhibits  a 
better  behavior  of  the  triple  products  after  this  zero  crossing.  This  coherency  can  be  observed  in 
the  B2  and  vq  parameters  as  they  recover  to  a  value  or  attempt  to  maintain  the  value  seen  in  the 
outer  layer  (normalized  vq^ ). 

The  final  triple  product  relation  presented  in  the  body  is  for  the  experiment  of  Littell  as 
represented  by  Figure  4.28.  This  is  presented  as  the  parameters  were  distinctly  different  for  the 
Littell  experiment.  The  triple  products  are  greatest  near  the  wall  and  decay  to  zero  as  the  quiescent 
atmosphere  is  reached.  This  is  different  from  the  other  boundary  layer  flows  that  achieved  their 
greatest  fluctuating  velocities  and  Reynolds  stresses  in  the  outer  layer  and  were  bounded  by  larger 
regions  where  the  fluctuating  velocities  were  approaching  zero.  For  the  rotating  disk  shear  flow 
presented  here,  the  region  where  the  fluctuating  velocities  would  approach  zero  near  the  disk  is 
much  smaller  and  the  effects  of  the  outer  flow  (quiescent  atmosphere)  would  be  extended  over  a 
greater  region.  This  appears  to  be  why  the  Reynolds  averaged  triple  products  have  such  a  sharp 
decrease  across  this  boundary  layer.  This  behavior  is  why  this  experiment  generates  parameters  so 
different  from  the  other  flows.  However  once  again  it  must  be  noted  that  the  1/S  parameter 
behaved  similarly  to  the  other  3D  TBLs  presented  in  this  study  which  in  light  of  the  triple  product 
examination  is  remarkable. 


Conclusions 


This  chapter  focused  on  the  discussion  of  the  major  results  of  the  investigation  into 
algebraic  parameters  formed  from  the  turbulent  triple  products.  Ratios  were  presented  that  may 
aid  in  the  modeling  effort.  In  particular,  the  B2  parameter  illustrates  a  relationship  between  the 
three  triple  products  that  appear  in  equations  1.6  -  1.8  that  is  reproducible  from  station  to  station 
and  to  some  degree  from  flow  to  flow.  Overall  B2  approximated  a  constant  value  of  0.7  to  1 .0  for 
a  flow  across  0.3  <  y/8  <  1.0.  For  y/5  <  0.3,  B2  becomes  scattered  due  to  the  individual  triple 
products  becoming  small  and  passing  through  zero.  Some  of  this  effect  is  also  due  to  an  increased 
uncertainty  in  the  velocity  components  as  the  wall  was  approached  due  to  the  measurement 
techniques  employed.  For  the  triple  product  relationships,  the  results  for  the  shear  driven 
experiment  of  Littell  differed  from  the  others. 

This  and  other  relationships  that  were  presented  were  well  behaved  in  the  outer  region  of 
the  turbulent  boundary  layer  then  became  scattered  as  the  wall  was  approached.  Analysis  of  the 
triple  products  revealed  that  for  the  outer  layer,  the  triple  products  maintain  relatively  significant 
values.  Near  y/5  of  0.4  ,  the  triple  products  begin  to  diminish  and  pass  through  zero.  They  regain 
an  appreciable  value  for  some  of  the  flows  in  this  study,  while  they  remain  small  for  others.  The 
results  presented  here  appear  to  distinguish  definite  regions  of  the  turbulent  boundary  layers  that 
were  investigated.  The  finer  points  of  these  conclusions  are  explored  in  Chapter  5. 


Figure  4.1a  B2  for  Pompeo.  Centerline  stations  (symbols  only)  have  the  x  location 


shown  in  mm.  Off  centerline  stations  (lines)  were  at  x  =  1000  mm,  the  z  location  is  shown 


in  mm.  Closed  and  open  symbols  are  for  the  diverging  and  converging  duct,  respectively. 
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Figure  4.2a  B2  for  the  Schwarz  30°  bend  flow.  Crossflow  development 
region  and  decay  region  are  the  closed  and  open  symbols,  respectively. 
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Figure  4.6a  B2  for  the  6:1  prolate  spheroid  of  Stager.  x/L  =  0.48 
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Figure  4.6b  B2  for  the  6: 1  prolate  spheroid  of  Stager.  x/L  =  0.56 


0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

Y/d 

Figure  4.7.  B2  for  the  experiment  of  Driver.  The  stations  shown  are  cases 
ASl,  BSl,  CSl,  and  DSl  excluding  stations  6-9  for  case  BSl.  Flows  are 
relaxing  from  a  shear-driven  state  with  varying  adverse  pressure  gradients. 
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Figure  4.8  B2  for  the  experiment  of  Littell.  This  is  a  purely  shear  driven  flow  with 
a  stationary  atmosphere  above  the  rotating  disk.  Stations  are  indicated  by  radius 
and  Reynolds  number  (x  lO'*).  The  number  2_,  3_,  or  4_  represent  a  radius  of 
0.235  m,  0.356  m,  or  0.421  m  respectively,  i.e.  Reynolds  number  designation 
_100  implies  100e4  or  1,000,000  ... 
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Figure  4.9  The  normalized  vq  parameter  for  Pompeo.  Stations  are  at  x  =  1000  mm,  open 
symbols  represent  the  converging  duct  and  closed  symbols  represent  the  diverging  duct. 
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Figure  4.10a  The  normalized  vq^  parameter  in  the  development  region  of  Schwarz. 


Figure  4.10b  The  normalized  vq^  parameter  for  the  crossflow  decay  region  of  Schwarz. 


Figure  4.12a  The  normalized  vq^  parameter  for  the  concave  curvature  case  of  Baskaran 


Figure  4.12b  The  normalized  vq^  parameter  for  the  convex  curvature  case  of  Baskaran. 


Figure  4.13a  The  normalized  vg  parameter  for  the  experiment  of  Chesnakas.  x/L  =  0.4 


Figure  4.13b  The  normalized  vq^  parameter  for  the  experiment  of  Chesnakas.  x/L  =  0.6 
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Figure  4.14a  The  normalized  vq^  parameter  for  the  experiment  of  Stager.  x/L  =  0.48 
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Figure  4.14b  The  normalized  vq^  parameter  for  the  experiment  of  Stager.  x/L  =  0.56 
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Figure  4.14c  The  normalized  parameter  for  the  experiment  of  Stager.  x/L  =  0.64 
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Figure  4. 14d  The  normalized  vq^  parameter  for  the  experiment  of  Stager.  x/L  =  0.73 
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#  Figure  4.16  The  normalized  vq^  parameter  for  the  experiment  of  Littell. 

Stations  are  indicated  by  radius  and  Reynolds  number  (x  10“*).  The  number 
2_,  3_,  or  4_  represent  a  radius  of  0.235  m,  0.356  m,  or  0.421  m  respectively. 
i.e.  Reynolds  number  designation  _100  implies  100e4  or  1,000,000  ... 
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Figure  4.20a  Data  for  the  6:1  prolate  spheroid  of  Chesnakas 
for  x/L  =  0.4  presented  in  local  freestream  coordinates 
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Figure  4.20b  Data  for  the  6: 1  prolate  spheroid  of  Chesnakas 
for  x/L  =  0.6  presented  in  local  freestream  coordinates 
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Figure  4.20c  Data  for  the  6:1  prolate  spheroid  of  Chesnakas  presented  in  local  freestream 
coordinates.  Closed  symbols  are  for  x/L  =  0.75  and  open  symbols  represent  x/L  =  0.76. 
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Figure  4.20d  Data  for  the  6;  1  prolate  spheroid  of  Chesnakas 
for  x/L  =  0.77  presented  in  local  freestream  coordinates 
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Figure  4.21a  Data  for  the  6:1  prolate  spheroid  of  Stager  at  x/L  =  0.4  in  tunnel  coordinates. 
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Figure  4.21b  Data  for  the  6: 1  prolate  spheroid  of  Stager  at  x/L  =  0.56  in  tunnel  coordinates. 
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Figure  4.22  The  shear  induced  experiment  of  Littell.  Stations  are  indicated  by  radius  and 
Reynolds  number  (x  10'^).  The  number  2_,  3_,  or  4_  represent  a  radius  of  0.235  m,  0.356  m,  or 
0.421  m  respectively,  (i.e.  Reynolds  number  designation  _100  implies  100e4  or  1,000,000  ...) 
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Figure  4.24a  Some  triple  products  in  wall-stress  coordinates 
from  z  =  100  mm  in  the  diverging  duct  of  Pompeo. 
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Figure  4.24a  Some  triple  products  in  wall-stress  coordinates 
from  z  =  200  mm  in  the  diverging  duct  of  Pompeo. 


179 


Triple  Products  (mVs^) 


Figure  4.25a.  Some  triple  products  in  wall-stress  coordinates  from  station  8  of  Schwarz. 
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Figure  4.26a.  Some  triple  products  in  local  freestream  coordinates 
from  station  2  of  the  concave  curvature  duct  of  Baskaran. 


Figure  4.26b.  Some  triple  products  in  local  freestream  coordinates 
from  station  9  of  the  concave  curvature  duct  of  Baskaran. 
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Figure  4.27  Some  triple  products  in  local  freestream  coordinates 
from  station  8  of  the  convex  curvature  duct  of  Baskaran. 
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Figure  4.28.  Some  triple  products  from  the  spinning 
disk  of  Littell  at  a  radius  of  0.421  m  and  Re  =  650,000. 
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Chapter  5  Discussions  and  Conclusions 


5.1  Overview 

An  extensive  review  of  existing  three-dimensional  data  sets  and  experiments  was 
performed  for  the  present  study.  Eleven  data  sets  encompassing  several  different  test  geometries 
were  examined  in  relation  to  algebraic  turbulence  modeling  parameters.  Several  turbulence  models 
employed  in  3D  TBLs  are  simple  extensions  of  2D  TBL  modeling  concepts  based  on  the  existence 
of  an  isotropic  eddy  viscosity  ratio.  As  discussed  in  Chapter  1  and  Chapter  2,  many  experiments 
clearly  illustrate  that,  in  general,  an  isotropic  eddy  viscosity  ratio  does  not  exist.  The  magnitude  of 
the  eddy  viscosity  in  the  chosen  x-direction,  Vx,  rarely  equals  the  magnitude  of  v^.  Various 
parameters  such  as  Rotta's  T  and  the  anisotropy  parameter,  N,  illustrate  the  anisotropy  of  3D 
TBLs.  Analysis  of  the  Reynolds  stress  angle  and  mean  flow  angle  for  individual  data  sets  show 
that  these  quantities  tend  to  lag  (or  lead,  as  in  the  convex  flow  case  of  Baskaran  and  Bradshaw, 
1987)  each  other.  Thus,  if  greater  accuracy  is  desired,  new  modeling  concepts  are  needed  for  fluid 
flows  characterized  by  three-dimensionality  to  either  augment  or  replace  existing  models. 

A  set  of  differential  equations  is  required  for  a  given  calculation  to  account  for  the  lags  in 
the  various  quantities.  In  Chapter  1,  a  set  of  six  equations  (1. 1-1.3  and  1.6-1. 8)  including  the 
continuity  equation,  x  and  z-direction  momentum  equations,  and  the  transport  equations  for  the  v  , 
uv,  and  vw  Reynolds  stresses  were  suggested.  To  utilize  these  equations  in  a  turbulence  model,  it 
is  necessary  to  derive  relations  for  the  various  terms  or  combinations  of  them.  The  focus  of  the 
present  study  is  to  develop  algebraic  turbulence  modeling  parameters  for  use  with  these  six  model 
equations.  The  present  goal  is  not  to  develop  a  complete  model,  however  some  modeling  issues 
will  be  discussed  later  to  outline  their  expected  use.  Depending  on  the  degree  of  accuracy  desired, 
the  isotropic  eddy  viscosity  concept  may  work  just  fine  (Johnston  and  Flack,  1996).  The  higher 
order  modeling  scheme  suggested  here  is  not  suggested  to  completely  replace  eddy  viscosity  models 
but  rather  as  an  alternative  modeling  concept  when  greater  accuracy  is  desired. 

There  are  several  desirable  traits  of  turbulence  modeling  parameters.  They  must  exhibit 
some  form  of  predictable  behavior.  It  is  desirable  for  a  modeling  parameter  to  apply  over  a  variety 
of  flow  geometries  and  conditions.  It  is  desired  that  the  parameter  represent  some  aspect  of  the 
physics  of  the  flow.  Robinson  (1991,  1992)  outlined  the  coherent  structures  that  are  assumed 
responsible  for  the  sweeps  and  ejections  that  produce  the  majority  of  the  Reynolds  stresses  in  a 
TBL.  Littell  and  Eaton  (1991)  examined  some  two-point  velocity  correlations  in  an  attempt  to 
extend  the  concepts  of  Robinson  to  3D  TBLs.  They  concluded  that  the  structures  were  basically 
the  same  but  are  modified  by  the  crossflow  to  contain  an  asymmetry.  These  types  of  physical 
phenomena  are  integral  to  the  development  of  the  velocity  field  and  to  the  transfer  of  energy  from 


the  object  in  motion  and  should  be  represented  in  an  empirical  or  semi-empirical  turbulence 
parameter.  These  concepts  will  be  explored  further  in  the  physical  insight  section.  The  designation 
of  a  coordinate  system  for  a  calculation  or  measurement  is  always  an  issue;  it  is  desirable  to  use 
modeling  parameters  that  are  invariant  to  coordinate  system  choice.  A  parameter  must  correlate 
well  from  station  to  station  or  for  the  entire  flow  condition.  If  not,  they  must  be  predictable  with 
the  onset  of  modifications  to  the  flow  such  as  with  increased  adverse  pressure  gradient,  lateral 
strain,  lateral  pressure  gradient,  crossflow  modifications,  or  Reynolds  number  effects.  Finally 
simple  models  help  to  reduce  the  number  of  calculations  that  are  required  for  the  numerical 
computation  of  flows  containing  a  large  number  of  grid  points  or  complex  geometries. 

Parameters  were  examined  in  this  study  that  exhibit  many  of  the  desired  traits  mentioned 
above.  As  seen  in  Chapter  3  and  Chapter  4,  some  parameters  are  presented  here  that  ^proximate 
a  constant  value  across  the  outer  part  of  the  boimdary  layer  or  a  portion  thereof  This 
approximation  to  a  constant  value  was  not  only  from  station  to  station  in  the  respective  flows,  but 
a  high  degree  of  similarity  existed  in  the  value  attained  for  each  from  experiment  to  experiment  as 
well.  Many  are  invariant  to  choice  of  coordinate  system  and  are  simply  formulated.  The 
parameters  should  aid  the  effort  of  modeling  the  dynamical  nature  of  complex  3D  TBLs. 


5.2  Discussion  of  Coordinate  System  Choice 

As  mentioned  previously,  the  choice  of  coordinate  system  for  a  measurement  or  calculation 
is  important.  The  various  choices  of  coordinate  system  can  be  explained  as  illustrated  in  Figure 
1.1.  The  wall-stress  coordinate  system  is  oriented  such  that  the  x-axis  is  coincident  with  the 
direction  of  the  shear  stress  vector  at  the  wall.  Ihe  local  free-stream  coordinate  system  has  a  x- 
axis  aligned  with  the  mean  velocity  vector  at  the  boundary  layer  edge.  And  tunnel  coordinate 
systems  are  designated  by  the  individual  experiments.  The  y-axis  for  all  of  the  surface-bounded 
coordinate  systems  is  normal  to  the  wall  and  the  z-axis  is  aligned  to  form  a  mutually  orthogonal 
right-handed  coordinate  system. 

The  Reynolds  stresses  form  a  second  order  tensor  and  the  turbulent  triple  products  a  third 
order  tensor.  A  tensor  rotation  program  was  employed  to  rotate  the  data  about  the  y-axis  based  on 
the  respective  angle  between  the  coordinate  system  in  which  the  data  was  presented  and  the  desired 
coordinate  system.  Simpson  (1995)  indicates  that  a  careful  study  of  coordinate  systems  seems  to 
indicate  that  several  parameters  are  better  correlated  when  observed  in  wall-stress  coordinates. 
The  parameters  developed  in  this  study,  with  a  coordinate  system  dependency,  were  examined  in 
local-free-stream  and  wall-stress  coordinate  systems  where  possible. 


The  parameters  based  solely  on  Reynolds  stresses,  and  approximating  a  constant  value  or 
weak  function  of  y,  were  in  general  less  correlated  than  the  S  parameters  for  the  experiments 
examined  here.  They  appeared  to  exhibit  a  similar  magnitude  of  scatter  for  either  coordinate 
system  that  was  investigated.  Based  on  the  results  of  this  study,  no  coordinate  system  dependent 
ratios  involving  only  Reynolds  stresses  are  recommended  for  use  in  turbulence  models.  However 
the  results  generated  for  several  parameters  are  included  in  the  appendices  for  consideration  by 
other  parties. 

The  results  for  the  triple  product  parameters  illustrated  an  insignificant  difference  in  the 
individual  parameters.  The  difference  in  the  Bj  parameter  was  approximately  1%  between  the 
wall-stress  and  local  free-stream  coordinate  systems.  The  normalized  vTKE  parameter  exhibited  a 
similar  robust  behavior  between  coordinate  systems.  The  normalized  triple  product  ratios, 
exhibited  in  the  appendices,  appeared  to  show  differences  in  station  to  station  correlation  with 
coordinate  system  rotation.  However  the  preference  for  coordinate  system  appeared  to  be  specific 
to  the  ratio  formed  and  no  system  could  be  designated  as  the  better  choice  for  the  results  presented 
in  this  study.  The  Bi  parameter  also  exhibited  values  very  similar  to  B2  but  tended  to  have  greater 
overall  scatter  and  more  points  that  differed  greatly  from  its  average  behavior.  Thus  B2  is  the  B 
class  parameter  recommended  for  the  use  in  turbulence  modeling  with  the  transport  equations. 


5.3  Discussion  of  Regions  in  the  Flow 

From  experiments  with  data  closer  to  the  wall  than  y/5  of  0. 15  or  y"^  of  200,  it  appears  that 
distinct  regions  of  the  3D  TBL  appear.  This  observation  is  supported  by  the  plots  of  the  individual 
triple  products  of  interest.  Many  of  the  parameters  that  were  presented  in  this  study  maintained  a 
fairly  constant  value  across  the  outer  part  of  the  boundary  layer,  for  y/8  >0.4.  For  2D  TBLs,  this 
is  the  region  where  entrainment  is  prominent  (see  the  discussion  of  the  intermittancy  fector  by 
Klebanoflf,  1955)  and  large  scale  structures  dominate  the  flow.  In  this  outer  region,  the  parameters 
generally  scale  better  on  outer  variables. 

Many  of  the  data  sets  illustrated  that  with  increased  three-dimensionality  (or  possibly  just 
downstream  distance)  that  the  region  where  a  particular  parameter  approximated  a  constant 
progressed  outward  from  the  wall.  This  is  seen  most  clearly  by  the  individual  plots  of  the  triple 
products  as  pointed  out  in  section  4.4  of  Chapter  4.  It  is  not  clear  what  physical  mechanism  is 
causing  this  progression,  but  it  does  indicate  the  growth  of  a  distinct  region  in  the  flow  where  the 
physics  is  changing.  Speculation  on  the  modification  of  the  flow  physics  is  presented  later.  This 
region  marks  the  lower  limit  to  the  useful  value  of  each  parameter. 


With  the  experiments  of  Driver,  Chesnakas,  and  Olfmen  the  near  wall  data  appeared  to 
illustrate  other  distinct  regions  of  physical  behavior  as  the  wall  was  ^proached.  The  triple 
product  plots  for  these  experiments  (section  4.4)  were  similar  to  the  experiments  that  contained 
only  outer  layer  data.  They  illustrated  large  values  of  the  significant  triple  products  in  the  outer 
layer  which  decreased  and  passed  through  zero  near  y/5  =  0.4.  These  data  sets  also  showed  the 
behavior  of  the  triple  products  nearer  to  the  wall.  The  plots  of  the  parameters  scaled  on  wall 
variables  appeared  to  illustrate  regions  of  predictable  behavior  as  they  approached  the  wall.  The 
region  between  100  <y  <  500  is  a  region  of  scatter  or  low  correlation  of  the  parameters.  For  30 
<  y"^  <  100  the  parameters  tend  to  become  correlated  again  for  all  of  the  stations  and  within  the 
various  flows.  Observation  of  the  triple  product  plots  shows  that  in  this  range  of  y,  uv  attains  a 
significant  value  and  exhibits  more  of  a  functional  behavior  rather  than  being  scattered.  Near  y^  of 
30,  some  parameters  become  less  correlated  again  while  others  approach  +<».  Then  nearest  the 
wall  the  parameters  appear  to  approach  a  new  constant  value.  It  should  be  noted  that  for  the  2D 
cases  nearest  the  wall,  uv  again  achieves  a  significant  value  while  v  and  v  w  remain  close  to 
zero. 

All  of  the  points  mentioned  in  this  section  seem  to  indicate  several  distinct  regions  in  the 
3D  TBL  that  appear  to  be  evolving  with  increasing  downstream  distance  or  three-dimensionality. 
The  evolution  of  the  regions  spears  to  depend  more  on  the  growth  of  the  boundary  layer  with 
downstream  distance.  Evidence  for  this  exists  in  the  experiments  where  the  three-dimensionality  is 
decaying  (or  turned  off),  such  as  the  decay  region  of  the  Schwarz  flow.  For  this  region  of  this 
flow,  the  trend  of  the  region  where  the  parameter  correlates  well  continues  to  progress  away  fiom 
the  wall  even  though  the  crossflow  is  decaying.  More  experiments  are  needed  to  better  determine 
these  regions  that  are  evident  in  3D  TBLs  and  the  physical  mechanisms  that  are  generating  them. 


5.4  Physical  Interpretations 

An  understanding  of  the  physical  processes  that  generate  the  observed  behavior  is  greatly 
desired.  However,  this  is  a  difficult  task.  The  Reynolds  averaging  of  the  fluctuating  velocities  into 
statistical  quantities  is  helpful  for  characterizing  the  flow,  but  this  statistical  view  of  turbulent 
flows  tends  to  smootii  over  the  details  and  events.  Most  of  the  experiments  examined  in  this  study 
generated  single  point  statistics.  These  measurements  of  the  flow  tend  to  make  any  direct  physical 
interpretation  difficult.  With  a  combination  of  experimental  techniques  and  theory,  a  restricted 
view  of  the  physics  can  however  be  inferred.  A  few  such  hypothesis  will  be  presented  here. 

One  of  the  first  steps  of  understanding  the  physics  beneath  the  statistics  is  to  characterize 
the  degree  of  three-dimensionality.  This  task  is  more  difficult  than  it  appears  when  all  of  the 


different  methods  of  generating  three-dimensionaJity  are  considered.  As  mentioned  previously,  the 
application  of  a  spanwise  pressure  gradient  or  spanwise  surface  shear  are  the  tw  o  main  methods  of 
generation  of  crossflow.  There  are  also  other  flows  that  deviate  from  2D  by  the  addition  of 
additional  rate  of  strains  in  the  z-direction  such  as  in  the  experiment  of  Pompeo  (1992).  One 
method  of  describing  the  three-dimensionality  is  to  characterize  the  degree  of  crossflow  as 
suggested  by  Driver  and  Johnston  (1990).  This  involves  indicating  the  angle  difference  between 
the  flow  in  the  ffee-stream  and  the  flow  at  the  wall  for  a  given  location.  This  is  good  way  to 
characterize  the  three-dimensionality  but  it  does  not  account  for  flows  where  a  pressure  gradient 
reversal  may  have  occurred  and  the  total  angle  across  the  boundary  layer  will  not  reveal  the 
pressure  gradient  distribution  across  the  boundary  layer  as  compared  to  a  mildly  skewed  boundary 
layer.  This  characterization  also  fails  to  correlate  the  3D  effects  imposed  on  algebraic  modeling 
parameters  as  illustrated  by  Johnston  (1996).  Another  means  to  characterize  the  three- 
dimensionality  of  a  flow  may  be  to  employ  the  streamwise  and  spanwise  pressure  gradients  to 
compare  flow  characteristics.  Reynolds  numbers  based  on  momentum  thickness  have  also  been 
used. 

A  ratio  of  Reynolds  averaged  products  such  as  v^w  to  uv^  or  vw  to  uv  may  be  useful  in 
characterizing  the  degree  of  three-dimensionality.  Upon  observing  the  v  rv  and  uv  triple 
products  for  the  varying  flow  geometries  used  in  this  study,  one  would  arrive  at  the  conclusion  that 
such  a  ratio  is  probably  useless.  The  v^w  triple  product  tends  to  change  little  for  each  flow,  that  is 
if  it  is  small  upstream,  it  tends  to  be  small  downstream  for  the  rest  of  the  flow  or  onset  of  three- 
dimensionality.  It  was  typically  small,  but  can  attain  large  values  as  observed  in  the  experiment  of 
Baskaran  and  Bradshaw  (1987)  and  the  diverging  duct  flow  of  Pompeo  (1992).  Meanwhile  the 
uv^  triple  product  tends  to  change  with  downstream  location.  Considering  these  observations,  it 
can  be  concluded  that  their  ratio  would  not  be  an  effective  measure  of  three-dimensionality.  It 
would  decrease  with  downstream  stations  but  does  not  seem  to  increase  with  greater  crossflow. 
Similarly,  as  can  be  seen  in  Appendix  C  for  the  additional  figures  for  Schwarz  and  Bradshaw 
(1993),  the  simple  ratio  of  vw  to  uv  does  not  change  predictably  with  increased  three- 
dimensionality.  One  observation  from  this  experiment  though  is  that  some  sort  of  deviation  or 
correlation  parameter  across  the  boundary  layer  for  this  ratio  may  be  an  indicator  of  flow  three- 
dimensionality.  But  this  correlation  parameter  concept  was  not  explored  here  and  no  conclusion 
can  be  made  about  the  speculated  effectiveness.  The  development  of  a  parameter  or  set  of 
parameters  that  can  accurately  describe  the  modification  to  the  flow  physics  as  a  TBL  progresses 
from  2D  to  3D  may  be  able  to  correlate  existing  parameters,  such  as  ai,  and  model  the  enhanced 
physics. 

As  was  noted  above  and  in  the  discussion  of  the  parameters  in  Chapter  3  and  Chapter  4, 
there  tends  to  be  a  region  of  constant  behavior  for  the  parameters  investigated  in  the  outer  part  of 
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the  boundary  layer.  This  corresponds  roughly  to  y/5  >  0.4.  The  Reynolds  stress  parameters  begin 
to  decrease  near  y/6  of  0.8  while  the  triple  product  parameters  tend  to  maintain  their  correlation 
through  the  edge  of  the  boundaiy  layer.  Investigation  of  the  individual  triple  products  illustrate 
that  in  this  region  the  triple  products  maintain  significant  values  compared  to  nearer  the  wall.  The 
investigation  of  Chapter  4  also  illustrated  that  a  combination  of  the  triple  products  applied  more 
universally  to  a  number  of  flow  geometries.  Near  y/6  of  0.4  the  triple  products  decrease  in 
magnitude  and  pass  through  zero  (this  location  is  not  unique,  in  fact  it  tends  to  be  the  outer  limit 
for  the  experiments  examined).  This  was  discovered  to  not  be  an  effect  of  the  increasing 
uncertainty  of  the  hot-wire  anemometer  measurements  as  similar  behavior  is  observed  for  the  LDV 
measurements.  The  region  where  this  decrease  is  observed  tends  to  progress  outward  from  the  wall 
with  downstream  distance.  There  appears  to  be  a  slight  increase  of  this  zero  crossing  point  with 
increased  three-dimensionality.  As  the  y  variable  was  non-dimensionalized  on  the  boundary  layer 
thickness,  this  region  did  not  simply  grow  in  direct  proportion  with  downstream  boundary  layer 
growth.  The  near-wall  region  developed  (progressed  outward)  faster  than  the  boundary  layer 
growth. 

The  region  above  y/5  =  0.4  for  2D  TBLs  is  where  large  structures  dominate  the  flow 
characteristics.  They  are  entraining  the  ffee-stream  fluid,  with  greater  velocity  and  energy',  and 
imparting  vorticity  to  it  through  the  viscous  interaction  of  the  shear  stresses.  Evidence  for  these 
2D  observations  exist  in  the  discussion  of  file  intermittancy  in  the  work  of  Klebanoff  (1955)  and  in 
various  flow  visualization  experiments  such  as  illustrated  on  the  cover  page  of  this  report.  The 
application  of  a  wall  shear  force  or  spanwise  pressure  gradient  has  a  greater  effect  on  the  near  wall 
fluid.  This  fluid  is  moving  slower  and  therefore  exposed  to  the  tangential  force  for  a  greater 
amount  of  time.  While  the  near  wall  fluid  is  turned,  as  seen  by  the  flow  angles,  across  a  3D  TBL, 
the  outer  layer  fluid  is  convected  further  in  the  original  direction.  Thus  the  flow  at  a  given  point 
originates  from  different  upstream  spanwise  locations.  The  fluid  convects  with  it  a  history  of  the 
upstream  structures  and  their  effects  on  the  turbulence.  The  extent  and  dynamics  of  ffee-stream 
fluid  entrainment  is  probably  modified  for  3D  TBLs.  There  are  no  experimental  studies  that  focus 
on  this  modification  so  no  direct  conclusions  of  this  suspect  variation  can  be  drawn.  The  applied 
three-dimensionality  may  cause  the  large  stmctures,  as  seen  in  the  photo  on  the  cover  page,  to  roll 
over  and  engulf  ffee-stream  fluid  in  an  asymmetric  manner.  Any  modifications  to  events  in  the 
outer  layer  will  tend  to  have  less  of  an  effect  on  the  irmer  layer  fluid  at  a  point  as  the  outer  layer 
stmctures  are  convected  downstream  faster  than  the  near  wall  fluid.  With  this  reasoning,  the  near 
wall  fluid  at  a  point  is  effected  even  more  by  the  upstream  outer  layer  stmcture  as  it  folds  and 
mixes  with  the  nearer  wall  fluid. 

The  region  where  the  parameters  presented  in  this  report  exhibit  good  behavior  is  believed 
to  coincide  with  this  outer  layer  region  of  entrained  high  eneigy  fluid.  The  velocity  fluctuations 
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decrease  as  the  free-stream  is  approached.  Their  respective  rates  of  decrease  may  differ.  Thus, 
coupled  with  the  small  values  and  experimental  imcertainties,  it  seems  that  the  probability  for 
existence  of  an  algebraic  ratio  near  the  free-stream  is  low.  The  Reynolds  stress  ratios  appear  to 
decline  from  their  constant  approximation  near  y/5  =  0.7  -  0.8.  After  Klebanoff  (1955)  the  mean 
location  of  the  turbulent  non-turbulent  interface  is  at  y/5  =  0.78  for  a  smooth  2D  TBL  and  y/5  = 
0.82  for  a  rough  2D  TBL  (Rotta,  1962).  This  mean  location  of  the  turbulent  interface  has  not  been 
detailed  by  any  experimental  research  but  is  suspected  to  coincide  with  the  region  where  the 
Reynolds  stress  parameters  presented  in  this  report  begin  to  decline.  It  appears  that  some  of  the 
triple  product  ratios  presented  here  maintain  their  correlation  as  they  approach  the  free-stream  and 
its  level  of  turbulence  intensity.  The  upstream  history  of  the  outer  layer  flow  seems  to  be 
expressed  in  this  outer  region  as  illustrated  in  the  good  outer  layer  correlation  of  the  algebraic 
parameters  presented  in  this  report. 

The  observed  region  where  the  individual  triple  products  approach  zero  near  the  wall 
appears  as  a  distinct  boundary  where  the  outer  and  inner  flows  meet.  If  this  is  the  case,  then  the 
interface  where  the  histories  of  the  flows  mix  is  marked  by  a  decrease  in  mean  velocity 
fluctuations.  This  may  mean  an  actual  decrease  in  the  velocity  fluctuations,  which  seems  unlikely 
with  regard  to  the  presumed  degree  of  small  scale  stmcture  at  that  location  in  the  TBL,  or  that  a 
symmetry  of  fluctuations  is  attained  at  that  location  (similar  to  the  fact  that  in  2D  TBLs  a  w 
fluctuating  velocity  exists  but  is  averaged  out  due  to  symmetry).  The  location  of  this  interface  may 
be  discovered  to  be  an  important  length  scale  for  3D  TBLs  that  is  not  present  in  2D  TBLs. 
However  more  research  is  needed  to  ascertain  the  nature  of  the  physics  of  this  region  of  the  TBL. 

Robinson  (1991,  1992)  compiled  die  most  accepted  description  of  the  coherent  vortical 
structures  in  the  various  regions  of  a  2D  TBL.  The  inner  region  is  dominated  by  quasi-streamwise 
vortical  stmctures  that  are  spaced  laterally  at  =  100,  with  a  typical  length  of  1000  viscous  units 
and  a  minimum  diameter  of  12  viscous  units.  Streaks  observed  in  flow  visualization  experiments 
in  the  wall  layer  are  evidence  that  these  vortices  have  passed.  If  a  quasi-streamwise  vortical 
stmcture  becomes  tilted,  it  can  produce  sweeps  or  ejections  of  fluid.  These  downward  sweeping 
events  and  outward  ejection  events  are  hypothesized  to  be  the  major  source  of  Reynolds  stress 
production.  Evidence  for  these  events  can  be  seen  through  the  quadrant  analysis  of  Wilmarth  and 
Lu  (1972).  This  region  of  the  flow  is  assumed  to  produce  the  majority  of  the  Reynolds  stresses  in 
the  TBL.  From  this  region,  the  Reynolds  stresses  are  convected  to  other  parts  of  the  flow.  The 
pressure  rate-of-strain  terms  also  tend  to  redistribute  the  Reynolds  stresses  and  turbulent  kinetic 
energy  (TKE).  In  the  conceptual  model  outlined  by  Robinson  (1991, 1992),  the  outer  layer  flow  is 
dominated  by  large  arch  shaped  vortical  stmctures  that  are  responsible  for  the  bulges  of  turbulent 
fluid  that  extend  towards  the  free-stream.  Sweeps  and  ejections  occur  for  different  parts  of  this 
symmetrical  stmcture.  Arches  with  one  trailing  leg  shorter  can  occur  as  well,  but  the  overall 


resulting  sweeps  and  ejections  occur  in  a  symmetrical  manner  according  to  the  definition  of  a  2D 
TBL. 

Few  studies  have  been  perfomied  to  describe  the  modifications  of  the  coherent  vortical 
stmcture  model  when  a  flow  becomes  three-dimensional.  Some  observations  can  be  outlined  that 
may  illuminate  the  issues  facing  parameters  formed  for  3D  TBLs.  Fleming  and  Simpson  (1994) 
performed  an  experimental  study  that  illustrated  that  the  spanwise  streak  spacing  decreased  for  3D 
TBLs  from  100  viscous  wall  units  to  85-100  viscous  wall  imits.  This  decrease  in  streak  spacing 
was  observed  by  Flack  and  Johnston  (1995)  as  well.  Fleming  and  Simpson  (1994)  also  discovered 
a  reduction  in  the  oscillation  of  streaks  for  3D  sections  of  the  wall-layer.  Ihe  streaks  in  the  3D 
section  tended  to  remain  aligned  better  with  the  flow.  It  has  been  reported  that  a  reduction  in  the 
number  of  sweep  and  ejection  events  occurs  for  increased  three-dimensionality  (Eaton,  1995).  Ha 
and  Simpson  (1993)  showed  that  the  length  scales  of  the  low  frequency  structures  decreased  with 
increased  three-dimensionality.  Their  study  indicated  that  the  quasi-streamwise  vortical  structures 
tended  to  be  skewed  in  a  direction  between  the  shear  stress  vector  and  the  mean  velocity  vector  and 
were  convected  in  this  direction.  Littell  and  Eaton  (1991)  performed  two-point  velocity 
correlations  on  the  disk  flow  to  educe  the  nature  of  the  coherent  structures  in  their  experiment. 
They  concluded  that  symmetric  stmctures  do  not  exist  in  3D  TBLs.  Rather  the  head  section  and  a 
tail  on  only  one  side  comprised  a  vortical  structure  in  the  outer  layer.  The  position  relative  to  the 
crossflow  direction  and  head  tended  to  determine  whether  the  event  produced  was  a  sweep  or  an 
ejection.  They  too  concluded  that  sweep  and  ejection  events  are  fewer  for  3D  TBLs. 

Effects  of  the  coherent  stmctures  are  suspected  to  influence  the  various  regions  of  3D 
TBLs  that  were  outlined  earlier  in  section  5.3.  The  overlap  region  mentioned  in  the  discussion  of 
the  outer  layer  above  tends  to  occur  at  the  outer  part  of  the  log-law  region  of  the  TBL.  Some  of 
the  hot-wire  anemometer  and  LDV  experiments  that  reach  into  the  wall-layer  appear  to  show 
evidence  for  regions  of  organized  motions  that  produce  significant  values  of  the  triple  products. 
This  recovery  of  the  triple  products  near  the  wall,  and  coincidentally  the  associated  parameter  hints 
at  the  flow  stmcture  in  these  regions  (30  <  y^  <  100)  becoming  more  organized  and  efficient  at  the 
production  of  coherent  velocity  fluctuations.  The  region  between  100  <  y'*'  <  500  is  characterized 
by  scatter  and  is  the  overlap  region  of  the  outer  and  inner  flow.  The  stmctures  here  are  assumed  to 
be  less  coherent  and  be  less  efficient  at  producing  velocity  fluctuations.  It  may  be  that  this  mixing 
layer  of  the  convected  upstream  stmctures  and  the  locally  produced  near-wall  turbulence  is 
dominated  by  small  scale  turbulence  approaching  the  scales  necessary  for  local  isotropy.  Locally 
isotropic  turbulence  would  show  no  preference  for  direction  and  hence  the  three-dimensionality 
would  fade  for  this  region.  The  outer  flow  is  being  convected  downstream  faster  then  the  near 
wall-fluid  while  the  more  viscous  inner  region  is  being  turned  (by  the  applied  wall  shear  and/or 
pressure  gradients)  and  extracting  energy  from  the  outer  flow.  One  hypothesis  may  be  that  the 


skewing  of  near-wall  stnictures  and  interaction  with  the  outer  layer  fluid  causes  the  inner-layer 
vortical  structures  to  release  their  turbulent  kinetic  energy  before  they  are  able  to  develop  to  the 
strength  that  they  may  have  achieved  for  a  2D  TBL.  This  would  tend  to  produce  weaker  sweep 
and  ejection  events  with  smaller  time  scales.  Evidence  for  this  exists  in  the  comments  on  the  Littell 
and  Eaton  (1991)  flow  above  where  the  number  of  events  are  reduced  and  in  the  results  of  Ha  and 
Simpson  (1993)  where  the  structures  were  shown  to  be  skewed  from  the  mean  velocity  vector.  The 
hypothesis  of  Eaton  (1995)  can  also  be  explained  by  structures  with  a  shorter  lifetime.  Instead  of 
the  traced  fluid  element  passing  through  the  center  of  the  vortex  with  low  vertical  velocity,  the 
stmcture  dissipates  and  the  significant  force  on  the  element  is  the  inertial  force  of  the  crossflow  in 
the  lateral  direction.  This  is  not  exactly  true  as  we  are  comparing  a  mean  quantity  with  a  short 
lived  coherent  structure,  but  it  can  serve  as  a  model  to  a  greater  understanding  of  the  physical 
processes  that  affect  a  3D  TBL.  The  results  from  the  DNS  study  of  Senstad  and  Moin  (1992)  also 
seem  to  support  this  model.  Their  results  indicated  that  the  modification  of  three-dimensionality 
causes  the  fluid  of  an  ejection  to  originate  at  a  location  farther  from  the  wall  which  causes  a 
smaller  velocity  difference.  This  could  indicate  that  the  vortical  structure  responsible  for  the 
ejection  had  a  shorter  life  time  than  in  a  similar  2D  TBL.  Again  it  must  be  stated  that  little  direct 
evidence  exists  and  the  concepts  presented  here  are  merely  hypotheses  to  be  explored  in  further 
research. 

As  the  sweeps  and  ejections  are  hypothesized  to  be  the  major  contributor  to  the  production 
of  Reynolds  stresses,  it  is  obvious  that  the  fluctuating  v  velocity  is  an  important  modeling 
parameter  to  capture  the  physics  of  the  flow.  Examination  of  the  parameters  presented  in  this 
study  may  hint  at  some  trends  in  the  physics  of  the  TBL.  For  instance,  consider  the  B2  parameter. 
The  denominator  is  positive  definite.  Therefore  when  B2  exhibits  behavior  that  is  negative,  it 
indicates  that  the  mean  motion  of  the  v  fluctuating  velocity  is  skewed  negatively.  This  occurs  in 
the  data  sets  of  Schwarz,  Oilmen,  Baskaran,  Chesnakas,  and  Driver.  The  negative  regions  tend  to 
be  near  the  wall  and  further  downstream.  Along  this  reasoning,  one  would  suspect  that  ejections 
were  dominant  in  these  regions  of  the  flow.  Other  evidence  of  this  were  not  sought  for  the  present 
study  but  are  being  included  in  a  journal  paper  to  be  submitted  to  Physics  of  Fluids.  Evidence  of 
the  enhanced  physics  of  3D  TBLs  along  the  lines  of  this  study  are  to  be  presented  there  as  well. 


5.5  Modeling  Issues 

The  focus  of  the  present  study  was  not  to  present  a  new  complete  turbulence  model,  nor 
was  it  to  outline  a  complete  modeling  scheme.  The  main  focus  was  to  generate  useful  relationships 
between  the  triple  product  and  Reynolds  stresses  that  were  deemed  useful  to  future  modeling 
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efforts.  However  a  brief  discussion  will  be  ineluded  here  to  suggest  how  the  information  presented 
in  this  report  may  be  of  use  in  a  model. 

The  first  point  that  needs  clarification  is  that  the  parameters  presented  here  are  not 
suggested  to  replace  existing  modeling  concepts,  rather  to  compliment  and  to  augment  them.  The 
regions  in  which  these  parameters  are  correlated  tend  to  correlate  quite  well.  In  these  regions,  they 
typically  approximate  a  constant  value.  Such  parameters  are  highly  desired  for  simple  turbulence 
modeling  efforts.  However  they  do  not  present  a  universally  constant  function  of  y.  There  are 
slight  variations  from  flow  to  flow  that  are  discernible  yet  the  trends  fall  within  the  experimental 
uncertainties  such  that  the  assumption  of  similar  behavior  for  a  number  of  3D  TBL  flows  would 
generate  little  uncertainty.  Care  must  be  taken  if  they  are  to  be  used  to  apply  them  to  the  proper 
region  of  the  boundary  layer. 

Examination  of  equations  1. 1-1.3  and  1.6-1. 8  demonstrate  the  requirements  of  a 
turbulence  model  that  employs  this  recommended  set  of  equations.  The  independent  variables  are 
the  X,  y,  and  z  spatial  coordinates.  The  dependent  variables  are  U,  V,  W,  -vw,  -uv,  uv^, 

v^w,  and  four  pressure  rate-of-strain  terms.  The  flows  to  be  modeled  are  incompressible  so  the 
density,  p,  and  kinematic  viscosity,  v,  would  be  constant  and  obtained  from  upstream  conditions. 
The  mean  static  pressure,  P,  is  not  a  function  of  y  and  can  be  computed  from  an  inviscid 
calculation  of  the  flow  away  from  the  boundary  layer.  Without  considering  the  pressure  rate-of- 
strain  terms,  there  are  nine  variables  for  six  equations. 

To  close  a  model,  three  relationships  are  required  between  the  dependent  variables.  The  S 
parameter  relates  to  -vw  and  -uv.  The  B2  parameter  and  equation  4.4  can  be  used  to  relate  the 
triple  products  to  each  other  and  would  produce  nine  relationships  for  nine  variables.  There  seem 
to  be  a  few  problems  with  this.  The  relationships  for  the  same  three  triple  products  can  be 
manipulated  into  a  form  that  appears  similar.  This  may  imply  that  there  is  a  degenerative  case  for 
the  parameters  presented  and  it  may  not  be  wise  to  use  more  than  one  of  the  relationships.  With 
this  reasoning,  another  relationship  would  be  required  such  as  the  skewness  of  the  v  fluctuating 
velocity.  It  is  obvious  that  models  for  the  pressure  rate-of-strain  terms  must  be  developed  as  well. 

For  greater  accuracy,  other  relationships  must  be  generated  for  a  calculation  for  the  region 
of  y"^  <  100.  The  parameters  presented  here  appear  to  apply  well  for  y/6  >  0.4.  In  light  of  the  lack 
of  experimental  data  close  to  the  wall,  a  need  for  more  experiments  detailing  this  region  is 
illustrated.  Experiments  in  the  near-wall  region  would  also  serve  to  enhance  the  general 
understanding  of  the  physical  processes  that  are  modifying  3D  TBLs. 


5.6  Conclusions 


Parameters  were  developed  to  aid  in  the  modeling  of  3D  TBLs.  The  S=v^/x/p  parameter 
correlates  fairly  well  from  station  to  station  within  a  flow  and  between  experiments.  The  ratio  1/S 
approximates  a  constant  for  0.3-0.4  <  y/6  <  0.7-0.8  ranging  from  values  of  0.5-0.8  with  an  overall 
average  of  approximately  0.7.  At  y/5=1.0,  1/S  appears  to  have  a  mean  value,  for  the  data 
presented,  of  ^proximately  0.3.  The  parameter  appears  to  be  mildly  affected  by  different  3D 
effects,  however  the  effects  were  of  the  order  of  the  uncertainty  in  the  experiments.  Such  effects 
include  a  noticeable  decrease  in  the  crossflow  decay  region  of  the  Schwarz  experiment,  a  slight  rise 
at  the  aft  end  of  the  models  of  Stager  and  Chesnakas,  and  a  lower  value  in  the  decay  region  of 
Driver.  It  did  however  maintain  consistent  values  for  the  Baskaran  experiments  and  the  experiment 
of  Littell.  All  of  the  other  parameters  investigated  for  the  experiment  of  Littell  had  completely 
different  behavior  from  the  other  3D  experiments,  only  1/S  exhibited  behavior  consistent  with  all  of 
the  other  3D  TBLs.  The  experiments  in  the  horseshoe  vortex  region  of  the  wing-body  junction 
failed  to  produce  good  behavior  of  the  1/S  parameter.  This  is  surmised  to  result  from  the 
significant  wall-normal  component  of  velocity  and  fluctuating  velocity.  It  should  be  mentioned  that 
the  square  root  of  the  ratio  of  to  was  well  correlated  and  seemed  to  exhibit  predictable 
behavior  between  flows.  It  was  not  however  a  constant  value  but  a  function  of  y/5. 

The  algebraic  parameters  describing  the  turbulent  triple  products  were  less  sensitive  to 
three-dimensional  effects  than  1/S.  They  also  maintained  a  constant  value  for  the  outer  part  of  the 
3D  TBL.  The  B2  parameter  is  invariant  to  coordinate  system.  This  parameter  tends  to 
approximate  a  constant  value  of  0.85  +  0.15  for  0.3  <  y/5  <  0.7-1. 0.  The  values  for  each  station 
are  a  very  good  approximation  to  a  constant  in  this  region  for  the  experiments  examined  here. 
There  are  other  regions  of  predictable  behavior  of  B2  that  were  discussed  in  section  5.3. 

The  normalized  vq  parameter  introduced  in  Chapter  4  maintains  better  correlation  across 
the  TBL  and  from  experiment  to  experiment  than  the  B2  parameter.  It  maintains  a  value  of  0.3-0.4 
for  y/5  >  0.4  and  tends  to  extend  farther  towards  the  wall  for  the  upstream  stations  in  a  given 
experiment.  Despite  its  desirable  qualities,  the  normalized  vq^  parameter  does  not  employ  the 
triple  products  of  interest  for  the  modeling  equations  presented  in  Chapter  1.  However  if  a  model 
were  to  be  formulated  employing  the  transport  equation  for  turbulent  kinetic  energy,  this  parameter 
would  be  useful.  A  similar  parameter  was  devised  based  on  the  form  of  the  vq^  correlation  which 
had  similar  behavior  with  less  correlation.  The  degree  of  correlation  was  on  the  order  of  the  B2 
parameter  presented  earlier.  It  maintained  values  near  0.5  for  y/5  >  0.4  with  small  variation  from 
station  to  station  and  flow  to  flow. 


The  parameters  presented  above  maintain  most  of  the  desirable  traits  for  turbulence 
modeling  parameters  as  mentioned  above  and  should  be  beneficial  to  the  future  development  of 
models  for  complex  3D  TBLs.  This  study  has  illustrated  a  need  for  more  ejqjeriments  in  TBLs 
with  complex  geometries  and  data  closer  to  the  wall.  Also  for  turbulence  modeling  efforts, 
relationships  for  the  pressure  late-of-strain  correlations  in  equations  1.6-1. 8  need  to  be  empirically 
developed.  This  indicated  a  need  for  DNS  experiments  of  high  Re  flows,  which  is  yet  not 
attainable,  or  experiments  where  these  terms  are  investigated.  It  was  seen  that  the  uw  Reynolds 
stress  may  be  significant  for  3D  TBLs  and  may  need  to  be  incorporated  in  future  modeling  efforts. 
The  results  presented  here  suggest  that  the  fluctuating  v  velocity  is  a  very  important  velocity  scale. 
Finally  for  modeling  complex  3D  TBLs  with  an  increaced  accuracy,  the  inherent  anisotropy  of  the 
flow  must  be  represented  in  the  model. 
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APPENDIX  A  Uncertainty  Analysis 


The  uncertainties  in  the  parameters  that  were  calculated  were  estimated  based  on 
techniques  of  the  propagation  of  uncertainties  as  described  by  Taylor  (1982).  The  most  general 
rule  for  the  uncertainty  in  a  parameter,  q,  that  is  a  function  of  several  variables,  q  =  q(x,...,z)  is 
given  by. 


dq  = 


.+1 


S* 


(B.l) 


From  this,  rules  governing  the  propagation  of  uncertainties  in  sums  and  differences,  products  and 
quotients,  and  functions  of  a  single  variable  may  be  derived.  For  q  =  x  +...+  y  -  (u  +...+  w)  we 
have, 

Sq  =  yl{Sxf'+. . .  +  iSu)^+. . .  +{Sw)^  (B.2) 


And  for  q  -  (X  *...*  Y)  /  (U  *...*  W)  we  get  the  result. 
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The  result  for  functions  of  a  single  variable  is  a  simple  reduction  from  the  general  case  where  only 
one  term  is  needed  and  the  derivative  rather  than  the  partial  derivative  is  used.  The  special  case  of 
a  variable  raised  to  a  power  will  be  noted  here  due  to  its  usefulness.  For  q  =  x”,  we  get, 

=  H77  (B.4) 


It  should  be  noted  that  it  was  assumed  that  the  uncertainties  are  better  estimated  by  adding  them  in 
quadrature.  Ibis  is  usually  reserved  for  uncertainties  that  are  independent  and  random  in  the 
theory  of  uncertainty  analysis.  However,  this  is  not  entirely  true  for  some  techniques  used  to 
obtain  the  velocity  components  in  the  experiments  that  were  examined.  One  example  is  for  a  LDV 
system  where  the  measurement  axes  are  not  aligned  with  the  direction  in  which  the  calculation  was 
Ijerformed.  In  this  case,  the  value  of  U  that  we  use  in  the  calculation  may  have  been  determined 


from  two  orthogonal  velocity  signals  measured  at  some  angle  to  the  calculation  reference  frame. 
The  value  of  U,  and  its  uncertainty,  in  the  calculation  reference  frame  is  associated  with  U,  V,  and 
possibly  W  in  the  measurement  reference  frame.  Since  the  addition  of  uncertainties  in  quadrature 
produces  an  uncertainty  less  than  the  maximum,  it  should  be  noted  that  the  uncertainties  may  be 
slightly  larger  than  reported  here.  The  addition  of  uncertainties  in  quadrature  gives  a  more  realistic 
estimate  for  the  general  case  of  independent  and  random  uncertainties  which  covers  a  majority  of 
the  data  represented.  For  uniformity,  the  uncertainties  are  added  in  quadrature.  The  use  of 
equation  B.l  rather  than  the  individual  formula's  in  B.2  -  B.4  also  tends  to  aceount  for 
compensating  errors.  This  formula  was  used  to  determine  the  uncertainty  where  the  individual 
uncertainties  were  suspected  to  contribute  to  each  other. 

A  summary  of  the  uncertainties  for  each  of  the  experiments  is  compiled  in  a  table  B.l. 
This  allows  for  an  easy  comparison  of  the  uncertainty  between  experiments.  Blank  spaces  are  left 
when  the  uncertainty  in  a  velocity  component  was  not  reported.  Baskaran  and  Bradshaw  (1990) 
reported  the  uncertainty  in  the  measured  quantities,  at  the  station  with  the  maximum  cross  flow 
with  respect  to  the  probe.  The  uncertainties  for  Devenport  and  Simpson  (1990)  are  given  in  table 
2.3.  The  average  values  of  the  uncertainty  in  a  velocity  component  were  used  for  the  uncertainty 
analysis  for  this  flow.  The  reference  velocity  was  27  m/s.  For  0l5men  and  Simpson  (1994)  The 
uncertainty’  in  the  mean  velocities  normalized  on  U^f  were  +  0.003,  +  0.001,  and  ±  0.002  for 
U/U„f,  V/U^f,  and  W/U^gf  respectively.  For  the  fluctuating  velocity  components,  u'/U^f  had  an 
uncertainty  of  ±  0.001,  v'/U^f  had  an  uncertainty  of  +  0.0009  except  nearest  the  wall,  and  the 
w'/U„f  uncertainty  was  ±  0.0008.  For  the  Reynolds  shear  stresses,  had  an  uncertainty  of 

+  0.00008,  -vw/U^^f  had  an  uncertainty  of±  0.00002,  and  the  uncertainty  in  the  stress 

was  ±  0.00004. 

Pompeo,  Littell,  Schwarz,  Baskaran,  Chesnakas,  Ol9men,  and  Molton  do  not  report 
uncertainties  in  the  triple  product  measurements.  For  Driver  and  Johnston  (1990),  triple  product 
quantities  have  an  accuracy  of  ±  4%  of  Uj'Uj'ui^'. 

The  uncertainty  in  the  1/S  parameter  was  calculated  by  using  equations  B2,  B3,  and  B4 
above.  The  resulting  uncertainties  are  given  for  each  experiment  in  table  B.2.  Likewise  the 
uncertainty  is  calculated  for  the  Bj  and  Bj  parameters  and  reported  in  table  B.2.  The  v  /vTKE 

2  3  2 

parameter  also  has  an  uncertainty  estimate  in  table  B.2  where  vTKE  -{uv+v  +  vw  ). 


# 
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APPENDIX  B  Additional  Figures  for  the  Data  of  Pompeo 


The  experiment  of  Pompeo  is  described  in  detail  in  chapter  2.  To  summarize,  there  were 
three  test  geometries,  a  2D  nozzle,  a  diverging  nozzle,  and  a  converging  nozzle.  The  data  supplied 
for  the  2D  case  were  corrupted  and  hence  no  analysis  was  performed  on  that  case.  The  converging 
/  diverging  nozzle  was  designed  to  have  zero  pressure  gradient  along  the  centerline  with  the  only 
modification  from  2D  flow  along  the  centerline  as  the  addition  of  the  dU/dz  rate  of  strain.  There 
were  2  stations  of  tmly  3D  data  for  each  case  both  were  located  at  x  =  1000  mm  in  the  tunnel 
coordinate  system  as  described  in  chapter  2,  the  z  locations  are  designated  in  each  figure.  There 
were  several  x  locations  along  the  centerline  and  they  are  designated  where  applicable.  This 
appendix  contains  data  analysis  not  immediately  required  in  the  discussion  of  the  thesis  but  of 
considerable  value. 
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Figure  B1  The  mixing  length,  all  data  is  at  x  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B4.a  The  x-direction  eddy  viscosity  in  wall  stress  coordinates. 
All  data  is  at  x  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B4.b  The  z-direction  eddy  viscosity  in  wall  stress  coordinates. 
All  data  is  at  x  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B8  Shear  stress  ratio  in  wall  stress  coordinates. 
Data  is  at  X  =  1000  mm  with  z  locations  given  in  mm. 
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Figure  B9  The  Bi  parameter  in  wall  stress  coordinates. 
Data  at  X  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B1  l.b  Triple  products  in  wall  stress  coordinates 
for  the  centerline  stations  for  the  diverging  test  nozzle. 
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Figure  B12.a  Triple  products  in  wall  stress  coordinates 
for  the  centerline  stations  for  the  converging  test  nozzle. 
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Figure  B12.b  Triple  products  in  wall  stress  coordinates 
for  the  centerline  stations  for  the  diverging  test  nozzle. 
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at  X  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B 16  Triple  products  in  wall  stress  coordinates 
at  X  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B 17  Triple  products  in  wall  stress  coordinates 
at  X  =  1000  nun  with  the  z  location  is  given  in  nun. 
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Figure  B 18  Triple  products  in  wall  stress  coordinates 
at  X  =  1000  nun  with  the  z  location  is  given  in  mm. 
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Figure  B19  Triple  products  in  wall  stress  coordinates 
at  X  =  1000  mm  with  the  z  location  is  given  in  mm. 


Figure  B20  Triple  products  in  wall  stress  coordinates 
at  X  =  1000  mm  with  the  z  location  is  given  in  mm. 
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Figure  B22  Triple  products  in  wall  stress  coordinates 
at  X  =  1000  mm  with  the  z  location  is  given  in  mm 


APPENDIX  C  Additional  Figures  for  the  Data  of  Schwarz 


This  appendix  covers  exha  figures  generated  from  .he  data  of  Schw^ 
chapter  2.  The  first  set  of  figures  wiii  be  those  invarient  to  coordinate  system  choice. 


Figure  C.la  The  mixing  length  for  the  development  region. 


Figure  C.lb  The  mixing  length  for  the  decay  region. 


Figure  C.3a  The  1/S  parameter  for  the  development  region. 
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Figure  C.4a  The  Bi  parameter  for  the  development  region. 
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Figure  C.4b  The  Bj  parameter  for  the  decay  region. 


221 


!^x/(Ue  6)  l/x/(Ue  6) 


The  next  set  of  plots  are  for  data  rotated  to  the  free-stream  coordinate  system. 
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figure  C.5a  The  x-direction  eddy  viscosity  for  the  development  region. 
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Figure  C.5b  The  x-direction  eddy  viscosity  for  the  decay  region. 
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Figure  C.13a  Triple  product  relationships  for  the  develpoment  region. 
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Figure  C.13b  Triple  product  relationships  for  the  decay  region. 
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Figure  C.15a  Triple  product  relationships  for  the  develpoment  region. 
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Figure  C.15b  Triple  product  relationships  for  the  decay  region. 
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The  remainder  of  the  figures  in  this  appendix  are  in  wall-stress  coordinates. 
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Figure  C.17b  The  z-direction  eddy  viscosity  for  the  decay  region. 


Figure  C.19a  The  C  parameter  for  the  development  region. 
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Figure  C.19b  The  C  parameter  for  the  decay  region. 


0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

y/6 

Figure  C.25a  Triple  product  relationship  for  the  development  region. 
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Figure  C.25b  Triple  product  relationship  for  the  decay  region. 
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Figure  C.27b  Triple  product  ratio  for  the  decay  region. 


Figure  C.28a  Triple  product  ratio  for  the  development  region. 


Figure  C.28b  Triple  product  ratio  for  the  decay  region. 
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Figure  C.30a  Triple  product  ratio  for  the  development  region. 
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Figure  C.30b  Triple  product  ratio  for  the  decay  region. 
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Figure  C.31g  Triple  products  for  station  18. 


Figure  D.8b  Examination  of  the  B2  parameter  in  wall-stress  coordinates  for  station  3 


Figure  D.8c  Examination  of  the  B2  parameter  in  wall-stress  coordinates  for  station  5 
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Figure  D.9b  B  parameter  examination  in  wall-stress  coordinates  for  station  2. 
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Figure  D.9e  B  parameter  examination  in  wall-stress  coordinates  for  station  5 


APPENDIX  E  Additional  Figures  for  the  Data  of  Baskaran 


Concave  Flow  Geometry 


Y/6  (Local  Freestream  Coords) 

Figure  E.l.a  Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  1. 


y/6  (Local  Freestream  Coords) 

Figure  E.l.b  Comparison  of  chciracteristic  angles  in  local  freestream  coordinates  for  station  2. 
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Figure  E.l.c  Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  3. 
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Y/(5  (Local  Freestream  Coords) 

Figure  E,  1  .e  Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  5 


Y/(5  (Local  Freestream  Coords) 

Figure  E.l.f  Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  6 
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Figure  E.l.g  Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  7. 
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Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  8. 
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Figure  E.l.i  Comparison  of  characteristic  angles  in  local  freestream  coordinates  for  station  9 
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Figure  E.2a  The  C  parameter  in  tunnel  coordinates. 
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Figure  E.2b  The  C  parameter  in  local  free-stream  coordinates. 
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Figure  E.8.f  Triple  products  for  station  7 
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Figure  E.lO.b  Significant  flow  angles  for  Station  6. 
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Figure  E.lO.c  Significant  flow  angles  for  Station  8. 
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Figure  E.lO.d  Significant  flow  angles  for  Station  10. 
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Figure  E.lO.e  Significant  flow  angles  for  Station  11. 
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Figure  E.14.b  Analysis  of  the  S  parameter  for  station  6. 
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Figure  E.14.C  Analysis  of  the  S  parameter  for  station  8 
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Figure  E.  14.d  Analysis  of  the  S  parameter  for  station  10 
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Figure  E.14.e  Analysis  of  the  S  parameter  for  station  1 1 
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Figure  E.lS.d  Analysis  of  the  S  parameter  for  station  10. 
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Figure  E.17  Triple  product  relationship. 
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Figure  E.lS.a  Significant  triple  products  for  station  3. 


0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

Y/6 

Figure  E.lS.b  Significant  triple  products  for  station  6. 
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Figure  E.l 8. c  Significant  triple  products  for  station  10. 
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Figure  E.24  Flatness  in  w 
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Figure  E.26.C  Skewness  v.  flatness  in  v. 
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Figure  F.3.d  Reynolds  stress  ratio  for  x/L  =  0.77 


Figure  F.4.b  The  Bi  parameter  for  x/L  =  0.60. 


Figure  F.6.c  Analysis  of  B2  for  x/L  =  0.40,  (|)  =  130' 
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Figure  F.8.a  Analysis  of  B2  for  x/L  =  0.60,  <[)  =  90°. 


Figure  F.8.b  Analysis  of  B2  for  x/L  =  0.60,  (j)  =  1 10°. 


Figure  F.lO.c  Analysis  of  B2  for  x/L  =  0.76,  (j)  =  120' 


Figure  F.lO.d  Analysis  of  B2  for  x/L  =  0.76,  <j)  =  125°. 
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Figure  F.12.C  Analysis  of  B2  for  x/L  =  0.77,  (j)  =  123°. 


Figure  F.12.d  Analysis  of  B2  for  x/L  =  0.77,  <])  =  130°. 
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Figure  F.  14.d  Triple  product  ratio  for  x/L  =  0.77. 
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Figure  F.16.b  Triple  product  relationship  for  x/L  =  0.77. 
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Figure  F.16.C  Triple  product  relationship  for  x/L  =  0.77. 
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Figure  F.16.d  Triple  product  relationship  for  x/L  =  0.77. 
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Figure  F.17.b  Triple  product  relationship  for  x/L  =  0.40. 
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Figure  F.17.C  Triple  product  relationship  for  x/L  =  0.40. 
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Figure  F.19.a  Triple  product  relationship,  closed  symbols  for  x/L  =  0.75  and  open  x/L  =  0.76. 


Figure  F.19.b  Triple  product  relationship,  closed  symbols  for  x/L  =  0.75  and  open  x/L  =  0.76. 


Figure  F.19.C  Triple  product  relationship,  closed  symbols  for  x/L  =  0.75  and  open  x/L  =  0.76 


Figure  F.19.d  Triple  product  relationship,  closed  symbols  for  x/L  =  0.75  and  open  x/L  =  0.76 
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Figure  F.20.b  Triple  product  relationship  for  x/L  =  0.40. 
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Figure  F.22.a  Triple  product  relationship  for  x/L  =  0.60. 
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Fig:ure  F.22.b  Triple  product  relationship  for  xTL  =  0.60. 


Figure  F.23.a  Triple  product  relationship,  closed  symbols  for  x/L  =  0.75  and  open  for  0.76 


Figure  F.23.b  Triple  product  relationship,  closed  symbols  for  x/L  =  0.75  and  open  for  0.76 


Figure  F.24.b  Triple  product  relationship  for  x/L  =  0.77 


0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

Y/6 

Figure  G.l.d  Flow  angles  for  x/L  =  0.73. 
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Figure  G.2.a  Bi  for  x/L  =  0.48  in  free-stream  coordinates. 
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Figure  G.2.b  Bj  for  x/L  =  0.56  in  free-stream  coordinates. 
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Figure  G.2.c  B]  for  x/L  =  0.64  in  free-stream  coordinates. 
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Figure  G.2.d  Bi  for  x/L  =  0.73  in  free-stream  coordinates. 
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Figure  G.3  The  vq  parameter  for  x/L  =  0.48. 
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Figure  G.3  A  Triple  product  parameter  for  x/L  =  0.48  in  free-stream  coordinates. 


APPENDIX  H  Additional  Figures  for  the  Data  of  Molton 


The  data  of  Molton  was  taken  in  two  regions  with  two  different  light  collection  angles. 
The  first  region  is  the  forward  scatter  region  where  the  data  was  taken  along  a  line  coincident  with 
the  longitudinal  axis  of  the  body.  The  origin  of  the  XGl  (longitudinal  direction)  coordinate  axis 
was  at  the  nose  of  the  body.  The  origin  of  the  angle  ([)  is  located  at  the  windward  plane  of 
symmetry.  The  second  region  was  farther  back  in  the  region  of  separation  and  the  light  was 
collected  in  back  scatter  mode.  The  data  presented  in  this  appendix  is  in  local  freestream 
coordinates.  See  chapter  2  for  specifics  on  the  conditions. 


Figure  Hl.l  Mixing  length  for  the  forward  scatter  case  at  (j)  =  165°. 
The  XGl  location  in  mm  is  indicated  in  the  legend. 
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Figure  HI. 2  Mixing  length  for  the  forward  scatter  case  at  ([)  =  170' 
The  XGl  location  in  mm  is  indicated  in  the  legend. 
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Figure  HI. 3  Mixing  length  for  the  forward  scatter  case  at  <t>  =  175' 
The  XGl  location  in  mm  is  indicated  in  the  legend. 
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Figure  H2.3  The  Anisotropy  parameter  for  (j)  =  175°  for  the 
forward  scatter  data.  The  legend  gives  the  x-location  in  mm. 
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Figure  H3. 1  Rotta's  T  parameter  for  (j)  =  165°  for  the  forward 
scatter  data.  The  legend  gives  the  x-location  in  mm. 
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Figure  H3.2  Rotta's  T  parameter  for  <])  =  170°  for  the  forward 
scatter  data.  The  legend  gives  the  x-location  in  mm. 
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Figure  H3.3  Rotta's  T  parameter  for  (j)  =  175°  for  the  forward 
scatter  data.  The  legend  gives  the  x-location  in  mm. 
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Figure  H3.4  Rotta's  T  parameter  for  <[)  =  190°  for  the  forward 
scatter  data.  The  legend  gives  the  x-location  in  mm. 
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Figure  H4.3  The  ai  structural  parameter  for  (j)  =  175*^  for  the 
forward  scatter  data.  The  legend  gives  the  XGl  location  in  mm. 
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Figure  H5.3  Mixing  length  for  the  backward  scatter  case  at  x  =  ISOOrnm. 
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Figure  H6. 1  Anisotropy  parameter  for  the  backward  scatter  case  at  x  =  900mm. 
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Figure  H6.2  Anisotropy  parameter  for  the  backward  scatter  case  at  x  =  1 100mm. 
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Figure  H6.3  Anisotropy  parameter  for  the  backward  scatter  case  at  x  =  1300mm. 
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Figure  H8.1  The  ai  structural  parameter  for  the  backward  scatter  case  at  x  =  900mm 
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Figure  H8.2  The  ai  structural  parameter  for  the  backward  scatter  case  at  x  =  1 100mm. 
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Figure  H9.2  The  C  parameter  for  the  backward  scatter  case  at  x  =  1 100mm. 


APPENDIX  I  Additional  Figures  for  the  Data  of  Devenport 


This  appendix  presents  some  additional  figures  for  the  dataset  of  Devenport  as  discussed  in 
chapter  2.  There  were  5  planes  of  data  that  traversed  normally  outward  from  the  surface  of  the  airfoil. 
All  of  the  data  was  obtained  in  the  horse-shoe  vortex  region  of  the  flow.  All  of  the  data  is  presented  in  the 
laboratory  coordinate  system  as  shown  in  figure  2.3a.  The  maximum  thickness  (T)  was  71.7  mm  and  the 
chord  length  (L)  was  305  mm.  S  is  the  distance  from  the  wing  to  the  measurement  station  along  the 
direction  of  the  data  plane  (normal  to  the  wing  surface). 


Figure  I.  la  The  shear  stress  magnitude  normalized  by  Uref^. 


Data  is  at  plane  3,  the  S/T  location  is  given  in  the  legend. 


Figure  Lib  The  shear  stress  magnitude  normalized  by  Ujef^. 
Data  is  at  plane  4,  the  S/T  location  is  given  in  the  legend. 


Figure  Lie  The  shear  stress  magnitude  normalized  by  Uref^. 
Data  is  at  plane  5,  the  S/T  location  is  given  in  the  legend. 
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Figure  Lid  The  shear  stress  magnitude  normalized  by  Uref^. 
Data  is  at  plane  8,  the  S/T  location  is  given  in  the  legend. 
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Figure  Lie  The  shear  stress  magnitude  normalized  by  Uref^. 
Data  is  at  plane  10,  the  S/T  location  is  given  in  the  legend. 
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I.2c  The  TKE  normalized  by  Uref^  for  plane  5,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.2d  The  TKE  normalized  by  Uref^  for  plane  8,  the  S/T  location  is  given  in  the  legend. 
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Figure  L2e  The  TKE  normalized  by  U^ef^  for  plane  10,  the  S/T  location  is  given  in  the  legend 
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Figure  I.3a  The  N  isotropy  parameter  for  plane  3,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.3b  The  N  isotropy  parameter  for  plane  4,  the  S/T  location  is  given  in  the  legend. 
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Figure  L3c  The  N  isotropy  parameter  for  plane  5,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.3d  The  N  isotropy  parameter  for  plane  8,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.4a  Rotta's  T  parameter  for  plane  3,  the  S/T  location  is  given  in  the  legend 
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Figure  I.4b  Rotta's  T  parameter  for  plane  4,  the  S/T  location  is  given  in  the  legend, 
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Figure  I.4c  Rotta's  T  parameter  for  plane  5,  the  S/T  location  is  given  in  the  legend. 


Y/T 

Figure  L4d  Rotta's  T  parameter  for  plane  8,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.5c  The  ai  parameter  for  plane  5,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.5d  The  ai  parameter  for  plane  8,  the  S/T  location  is  given  in  the  legend. 
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Figure  I.5e  The  ai  parameter  for  plane  10,  the  S/T  location  is  given  in  the  legend. 


Figure  I.6b  The  C  parameter  for  plane  4,  the  S/T  location  is  given  in  the  legend, 
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Figure  I.7d  The  shear  stress  ratio  for  plane  8,  the  S/T  location  is  given  in  the  legend. 
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Figure  L7e  The  shear  stress  ratio  for  plane  10,  the  S/T  location  is  given  in  the  legend 


APPENDIX  J  Additional  Figures  for  the  Data  of  McMahon 
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Figure  J.2.b  The  a|  parameter,  stations  are  given  in  the  legend. 
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APPENDIX  K  Additional  Figures  for  the  Data  of  Driver 


This  appendix  contains  additional  figures  for  the  data  of  Driver.  For  a  description  of  the 
experiment  see  Chapter  2.  Case  A  had  no  adverse  pressure  gradient  and  the  adverse  pressure 
gradient  increaces  as  the  test  cases  progress  through  the  letters.  SO  indicates  that  the  shear  was  not 
present  while  SI  indicates  that  the  cylinder  was  spinning  with  a  wall  velocity  equal  to  the 
ffeestream  velocity. 


Figure  K.la  The  B]  parameter  for  test  case  ASl. 
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APPENDIX  L  Additional  Figures  for  the  Data  of  Littell 


This  appendix  contains  some  additional  figures  that  were  generated  from  the  data  of 
Littell.  For  specific  information  on  the  experiment,  refer  to  chapter  2.  Seven  different  experiments 
are  represented  in  each  plot.  The  location  of  radius  and  rotational  rate  varies  between  cases. 
Three  radii  are  used;  0.235  m,  0.356  m  and  0.421  m.  They  are  designated  as  2_,  3_,  or  4_ 
respectively.  The  Reynolds  numbers  used  were;  400,000,  65  x  10'^,  94  x  10'*,  100  x  10'*,  130  x 
10'*,  and  160  x  10'*.  They  were  designated  by  the  Reynolds  number  /lx  10*  for  this  study.  For 
example,  at  r  =  0.235  m  and  Re  =  400000,  the  station  is  designated  2_40.  The  others  are  similarly 
designated.  All  data  is  presented  in  laboratory  coordinates. 


Figure  L.la  Characteristic  angles. 
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Figure  L.3b  Rotta's  T  parameter. 
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Figure  L.  15  Triple  product  ratio. 
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Figure  L.  16  Triple  product  ratio. 
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APPENDIX  M  Nagano  and  Tagawa  Parameters 
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Figure  M.l.a  Correlation  I  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the  diverging 
test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 


LHS  (Correlation  l) 

Figure  M.l.b  Correlation  I  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the  diverging 
test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 
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Figure  M.l.c  Correlation  I  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the  diverging 
test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 
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Figure  M.2.a  Correlation  n  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the 
diverging  test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 
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LHS  (Correlation  II) 

Figure  M.2.b  Correlation  11  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the 
diverging  test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 
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Figure  M.2.C  Correlation  11  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the 
diverging  test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 
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Figure  M.3.a  Correlation  IH  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the 
diverging  test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 


LHS  (Correlation  III) 

Figure  M.3.b  Correlation  III  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the 
diverging  test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 


y/<5 

Figure  M.3.c  Correlation  in  for  Pompeo  in  wall-stress  coordinates.  Open  symbols  represent  the 
diverging  test  case  and  the  closed  symbols  the  converging  case.  Z-locations  are  given  in  mm. 
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Figure  M.4.a  Correlation  I  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.4.b  Correlation  I  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.4.c  Correlation  I  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.5.a  Correlation  n  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.5.b  Correlation  n  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.5.C  Correlation  II  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.6.a  Correlation  III  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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LHS  (Correlation  III) 

Figure  M.6.b  Correlation  HI  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 
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Figure  M.6.C  Correlation  HI  for  Schwarz  in  wall-stress  coordinates.  Closed  symbols  represent  the 
development  region  and  the  open  symbols  the  decay  region.  Station  numbers  are  shown. 


419 


£  ^-1 

t  T 

o  ^ 
a  t; 


i  O  : 

▼  4-  2^9  o 


oo;^ 


Station 

• 

0 

A 

4 

■ 

6 

8 

▼ 

10 

O 

12 

0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1  .0 

y/6 

Figure  M.8.a  Correlation  I  for  Schwarz  in  free-stream  coordinates  for  crossflow  development. 
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Figure  M.S.b  Correlation  I  for  Schwarz  in  free-stream  coordinates  for  crossflow  decay. 
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[).a  Correlation  n  for  Schwarz  in  free-stream  coordinates  for  crossflow  development 
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Figure  M.lO.b  Correlation  II  for  Schwarz  in  free-stream  coordinates  for  crossflow  decay. 
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Figure  M.13.C  Correlation  I  for  Chesnakas,  closed  symbols  for  x/L  =  0.75  and  open  for  0.76. 


Figure  M.13.d  Correlation  I  with  the  Chesnakas  data  at  x/L  =  0.77. 
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Figure  M.  14.d  Correlation  11  with  the  Chesnakas  data  at  x/L  =  0.77. 
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Figure  M.17.C  Correlation  n  for  Chesnakas,  closed  symbols  for  x/L  =  0.75  and  open  for  0.76 


Figure  M.17.d  Correlation  II  with  the  Chesnakas  data  at  x/L  =  0.77. 


